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CHAPTER 1 GENERAL INTRODUCTION 
1.1 Introduction 
Although petroleum is a widely used energy source and an important chemical feed­
stock, it is being consumed rapidly and its reserves are limited. Therefore, coal will 
continue to be an important energy resource because the worldwide reserves of coal are 
much greater. 
There are two critical problems with coal utilization. One is the presence of mineral 
matter which is converted to fly ash and the other is the presence of sulfur which is 
converted to SOx during combustion. Both can cause atmospheric pollution and also 
cause serious corrosion problems in boilers [1]. To solve these two problems, numerous 
advanced coal cleaning processes have been proposed in recent years. These methods 
generally require separating very fine particles. Froth flotation is the most common 
method used for separation of fine particles, and it is based on the difference in surface 
chemical properties of coal and mineral matter. However, froth flotation is not always 
effective for separating very fine particles and dewatering of flotation products is also 
extremely difficult. Consequently, the oil agglomeration process has been studied and 
developed as an alternative method for separating very fine particles in aqueous suspen­
sions [1, 2, 3]. The basic principle of the oil agglomeration process is the preferential 
wetting of hydrophobic particles by oil and the subsequent bonding of the particles by 
oil bridges between particles. 
2 
1.2 Dissertation organization 
The development of two modified oil agglomeration processes for coal beneficiation 
is presented separately in Parts I and II of this dissertation. Part I is based on research 
which was conducted to study the mechanism and characteristics of a gas-promoted 
oil agglomeration process. The research also included determining a suitable basis for 
size scale-up of the mixing systems used for agglomeration. Part II is based on research 
which was carried out to develop a newer and more innovative method for agglomerating 
coal particles in aqueous suspensions. This method involves the agglomeration of coal 
particles with oil-coated microscopic gas bubbles. Since the oil requirements are much 
smaller than for conventional oil agglomeration, the newer method offers the promise of 
being much more economical. An important goal of the work was to demonstrate the 
technical feasibility of gas agglomeration. 
Since the work in Part I and that in Part II were motivated for different reasons, 
each part is complete in itself. Therefore, readers can follow one part without needing 
to consult the other part. 
3 
PART I 
GAS-PROMOTED OIL AGGLOMERATION 
4 
CHAPTER 2 INTRODUCTION 
2.1 The oil agglomeration process 
In an oil agglomeration process for coal treatment, an immiscible liquid (oil) is added 
to an aqueous suspension of very fine particles of coal and mineral matter. Under 
appropriate agitation conditions, the oil is emulsified and then contacts the coal and 
mineral matter. Theoretically, coal particles are hydrophobic and mineral particles are 
hydrophilic, so the hydrophobic (carbonaceous) particles are preferentially coated by 
oil. Oil-coated coal particles stick together to form agglomerates upon collision due to 
agitation. On the other hand, mineral particles(inorganic impurities) are not wetted by 
the oil and remain unagglomerated in the aqueous suspension. The oil acts as a liquid 
bridge to hold coal particles together. Therefore, coal agglomerates can be separated 
from mineral particles by floating, skimming, or screening. 
This process can deal with extremely fine coal particles. Therefore, it provides an 
effective method for minimizing the disposal of waste coal from a coal washing plant 
since it can recover coal which is too small to be recovered by other physical cleaning 
methods. 
2.2 Problems with the oil agglomeration process 
The process suffers several major problems. One problem is the cost of the oil due 
to high oil consumption. In most cases, 10% or more oil based on the weight of feed 
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solids is required for cleaning coal. At this rate, the cost of oil alone can easily make 
the process uneconomical. Therefore, numerous efforts have been made to reduce the oil 
consumption. One remedy is to use the cheapest possible residual fuel oil, such as the 
bottom of the barrel. Another remedy is to recover the spent oil from the clean coal by 
stripping with superheated steam. This requires the use of a volatile hydrocarbon such 
as pentane or heptane, or the use of liquid carbon dioxide as in the LICADO process. 
In this process, liquid carbon dioxide is used as an agglomerant to collect clean coal in 
a slurry at about 850 psi [4]. 
Another problem with oil agglomeration is its inability to separate pyrite from clean 
coal. This is due to the pyrite surface properties which can become hydrophobic if the 
surface is oxidized under acidic conditions. Research led by Wheelock [5, 6, 7] and Capes 
[8, 9] has indicated that the removal of pyrite from coal is enhanced by adjusting the pH 
of the particle suspension, by using specific reagents which adsorb on the pyrite surface 
to make it hydrophilic, or by bacterial conditioning. 
Another problem with oil agglomeration is the apparent need to use high-speed agita­
tors which produce high shear rates and require large power inputs [2, 10]. The high cost 
of such mixers and high power consumption create another barrier for commercialization 
of this process. 
Recent studies carried out by Dr.Wheelock and his research group have demonstrated 
that the mixing shear rate and power input can be greatly reduced by introducing some 
gas into the agitated system [11]. To improve the commercial feasibility of the oil 
agglomeration method, a gas-promoted oil agglomeration process has been studied by 
Dr. Wheelock and his group for several years. Several scale model mixing systems have 
been built and are being used to study the gas-promoted, oil agglomeration process for 
cleaning coaJ. Many batch agglomeration tests have been conducted with these systems. 
During <in individual test, the progress of agglomeration has been monitored by observing 
changes in turbidity in the case of dilute suspensions or by observing chaages in agitator 
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torque in the case of concentrated suspensions. A mathematical model [12] has been 
developed to relate the rate of agglomeration to the rate of change of turbidity of a 
dilute particle suspension undergoing agglomeration. 
2.3 Research purpose and objectives 
The overall objectives of this study were to advance the development of a gas-
promoted oil agglomeration process to purify coal, to determine the mechanism of oil 
agglomeration in the presence of a gas, to find the minimum time required to form 
compact, spherical aggregates, and to determine a suitable basis for size scale-up of the 
mixing systems used for agglomeration. A more detailed list of objectives follows. 
1. Determine the effects of operating parameters, such as oil dosage, air dosage, 
solids concentration, agitator speed, impeller size, and tank size, on the process starting 
with a degassed system and adding controlled amounts of air. 
2. Determine the nature of the mechanism of oil agglomeration in the presence of a 
gas. 
3. Determine the minimum time for producing spherical agglomerates by monitoring 
agitator torque changes and observing the structure of aggregates with a microscope . 
4. Measure the agglomerates size distribution by using Auto-Image Analysis. 
5. Determine the separation efficiency of the process by determining coal recovery 
and ash rejection. 
6. Establish an empirical correlation between the time required to form spherical ag­
glomerates and operating parameters such as oil dosage, air dosage, solids concentration, 
agitator speed, impeller size, and tank size by using statistical methods. 
7. Develop an empirical correlation between the average size of agglomerates and 
the operating parameters mentioned above by using statistical methods. 
8. Determine a suitable bcisis for size sccde-up of the mixing system. To achieve 
7 
this objective, numerous experiments were needed using at least three different sizes of 
mixing systems which were geometrically similar. 
8 
CHAPTER 3 MECHANISM OF OIL AGGLOMERATION 
3.1 Surface chemistry principles of particle bridging 
In the oil agglomeration process, oil, water, and coal particles are stirred vigorously 
by an agitator. Since the mineral particles are hydrophilic, the oil cannot coat mineral 
particles through adsorption, but under vigorous agitation the oil can be dispersed into 
fine droplets, which can collide and become attached to hydrophobic particles. 
The ability of a bridging liquid (oil) to spread over the surface of coal is controlled by 
the overall energy distribution at the interface. If spreading of oil results in a lowering of 
the total free energy at the interface, then the wetting process is feasible. This criterion 
is equivalent to a measurable quantity, the contact angle 0, which can be expressed in 
terms of the contributing surface and/or interfacial tensions. It is defined as the angle, 
measured through the oil phase, as illustrated for oil agglomeration in Fig. 3.1, where, 
')ouj is the oil-water interfacial tension, 
7o, is the oil-solid interfacial tension, 
is the solid-water interfacial tension, 
9 is the three phase contact angle through the oil phase. 
The Young equation gives, 
"yoxu cos 9 -}- 705 — Ttua (3*1) 
When the spreading of oil over a coal surface is assumed to be equilibrium, the 
reversible work (AW) or the free energy change needed to spread oil over a coal surface 
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under isothermal conditions, is given by 
-AG = AW = fow + iwa - 7o» (3.2) 
By rearranging Equation 3.1 and substituting the relevant relation into Equation 3.2, 
the following equation is obtained: 
-AG = AW = 7ow(cos 5 + 1) (3.3) 
o^w 
Water 
Oil 'ws 
'OS 
SoUd 
Figure 3.1 The contact angle 9 
The contact angle 6 for the coal/oil/water system is about 70 degrees for some 
kinds of bitumous coal according to Qiu [13]. Therefore, 9 is much greater than zero 
and somewhat smaller than 90 degrees, which makes possible the attachment of coal 
particles and oil. 
Jacques et al. [14] found that the stability of particle attachment to immiscible 
liquid droplets (oil droplets) in a bulk liquid phase (water) can be explained by the 
change in free energy. The most stable state was shown to be reached when the three 
10 
phase contact angle (0) approaches 0°, and the dispersed liquid droplet over particle size 
ratio (n) approaches infinity. He concluded that the formation of an oil bridge between 
particles (shown in Fig. 3.2b) is more likely than the formation of a film(shown in Fig. 
3.2a) of oil around a particle suspended in water. That is to say, the spreading of oil over 
a particle surface is not realistic. Similarly, water can form a bridge between hydrophilic 
particles suspended in oil. 
cm 
particle particle 
OiL 
b. 
particle 
particle 
Oil 
. I particle particle 
Figure 3.2 Schematic model of (a) oil spreading over a particle and (b) 
formation of oil bridges between the particles dispersed in water 
Good and Islam [15] also analyzed the stability of particle attachment from the point 
of view of the mechanical force needed to rupture a liquid bridge between particles. 
Good et al. [16] thought that in oil agglomeration, an agglomerate of coal particles is 
enveloped with a layer of oil, and water droplets serve as liquid bridges between particles 
which provide the cohesive mechanical strength required by the agglomerates. Fig. 3.3 
11 
illustrates the formation of liquid bridges between coal particles. In cases where coal 
is very hydrophobic as in the case of low volatile bituminous coal, the coal particles 
are possibly surrounded by oil, and water may serve as a liquid bridge between coal 
particles. However, this binding mechanism may not be applicable for all coals. 
Outermost layer 
of an agglomerate 
Enlarged view of 
the inner structure 
an agglomerate 
Coal 
water 
Oil 
Figure 3.3 Agglomerate structure with water bridges [16] 
Similar to the above oil bridge mechanism, a gas bubble bridge mechanism wa^ 
initially proposed by Drzymala and Wheelock [17]. In gas agglomeration, hydrophobic 
particles immersed in water are held together by gas bubble bridges between particles. 
It seems likely that agglomerates are held together by an interfacial force analogous 
to the the force that is thought to hold oil agglomerated coal particles together. The 
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mechanism also seems to apply for air agglomeration of oil-coated coaJ. 
No matter which phase serves to bridge particles, an analysis of the force binding 
two particles together is similar. A bubble bridge in air agglomeration [17] is used for 
the following discussion. 
For the purpose of analysis, the particle geometry is simplified to two parallel plates, 
and gravitational effects are neglected because the body forces on small droplets are 
much smaller than the interfacial forces. Also the water-air-coal, three pheise contact 
line is assumed to be stationary due to hysteresis of the contact angle which can vary 
when the distance between the two plates, d, changes. 
In order to determine whether a bubble bridge is stable, consider the force acting 
between two parallel flat particles in water. The net force, f, between the two plates 
shown in Fig. 3.4, is given by 
/ = 2 7au; p sin B (3.4) 
where p is the perimeter of the circle generated by the intersection of the gas bubble and 
the solid surface, 7au, is the air-water interfacial tension, and 0 is the three-phase contact 
angle. The net force is the attractive force which holds these two particles together. For 
contact angles between 0 and 90°, the net force increases with an increase in 9. If the 
distance between the particles increases, the contact angle will increase, and the resisting 
force will increase. In other words, the bubble bridge is stable. On the other hand, for 
contact angles greater than 90°, the net force will decrease with an increase in 0, the 
force needed to pull the particles apart drops, and the bridge will become unstable. 
Therefore the particles will separate. 
3.2 Structure of aggregates 
Capes [18] noted several possible agglomerate states depending on the oil dosage. 
Fig. 3.5 provides a classification of the pendular, funicular, and capillary states. 
Water 
Water 
'wa 
Air 
Air 
Figure 3.4 Force analysis of a bridge formed by an air bubble confined be­
tween two coal particles immersed in water [17] 
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Typical aggregation states are as follows: floes are in a penduiar state, agglomerates 
are in a funicular state, and an amalgam is in a capillary state, respectively. Loose floes 
or flakes which are held together by penduiar bridges of oil between solid particles are 
produced when small amounts of oil axe used, because the amount of oil is only enough 
to form a few bridges between particles. In contrast, more compact agglomerates which 
are held together by funicular bridges of oil are produced when more oil is added. The 
additional oil Alls the voids among the particles and forms more penduiar bridges between 
particles. These agglomerate structures are illustrated by Fig. 3.6. 
State of 
bridging liquid 
Particles dispersed in 
Capilla ry bridging liquid Penduiar Binicular 
Form of product 
Floes Pellets Liquid-liquid 
Particle transfer 
Microagglome rate 
Perferred 
agitation 
equipment 
Mixers, high shear mills , pumps 
sc and drum agj lomerators. Shal ers 
Liquid-liquid contactors 
Sedimentation 
volume 
20 40 60 0 80 100 
Pore volume occupied by btidging liquid (mono-sized particles), % 
Figure 3.5 The effect of increasing amounts of bridging liquid on the for­
mation of agglomerates [18] 
Structure of agglomerate in the pendular state Stnicture of agglomerate in the funicular state 
Figure 3.6 The structure of agglomerates in the pendular «ind funiculax 
states, respectively. 
Drzymeda et al. [19] found that the structure of an agglomerate is different from the 
structure proposed by Capes [18] in that a considerable quantity of water is trapped 
within the agglomerate made with co£d or pyrite particles when a pendulax state is 
formed. This is because coal or amy hydrophobic pairticles tend to collect around oil 
droplets and the particles can be partly in the oil phase and partly in the water phase. 
However, hydrophilic particles tend to stay almost entirely within the water phaise and 
serve as links between droplets of oil. 
Drzymala et al. [20] also discovered that air was incorporated in the agglomerates 
under certain conditions. By means of microscopic exsunination, it was observed that 
the structure of a solid-water-oil aggregate which is free of gas amd the stnict\ire of a 
solid-oil-gas aggregate which contains gas micro-capsules are different as shown in Fig. 
3.7 2md Fig. 3.8, respectively. This tells us that gas-fUled micro-capstdes seem to stretch 
the capacity of a limited amount of oil for agglomeration and to increase the apparent 
hydrophobicity of oleophilic solids. 
Luttrel and Yoon [21] observed that hydrophobic coal particles can be selectively 
coagulated in the presence of mineral pairticles without agglomerants or flocculants. In 
this case, sub-microscopic bubbles or gas-filled cavities created by strong aigitation could 
act as bridges between particles or the adsorption of gas nuclei or micro-bubbles on 
the coal surface could increase the hydrophobicity of coal particles. This structure of a 
coal aggregate can be indirectly explzuned by the discovery of Parker and Claiesson [22]. 
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Figure 3.7 Structure of solids-oil-water aggregate whicii is free of gas [20] 
Air ^Oil voao'. 
Figure 3.8 Structvire of solids-oil-gas aggregate [20] 
From their experimental meeisurement of forces in water between neutral hydrophobic 
surfaces under many different conditions, it was suggested that the strong long-range 
force of attraction between hydrophobic sxirfaces is due to bridging by submicroscopic 
bubbles or gas nuclei. 
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3.3 Formation of coal agglomerates in oil agglomeration 
The formation of coal agglomerates is very complex, because it involves solid-oil-
water-gas surface interactions, hydrodynamics, and mass transfer among multiple phases. 
The mechanism of the oil agglomeration process is not well understood, although a num­
ber of people have carried out considerable work on agglomeration fundamentals. 
Agglomeration is thought to involve three stages [23]. First, particles and agglomer-
ant are dispersed in water due to vigorous agitation and mixing. Second, the dispersed 
agglomerant droplets collide with particles and stick on the particle surfaces. Third, 
agglomerant-coated particles collide with each other forming microagglomerates; mi-
croagglomerates may collide each other and with the remaining primary particles to 
form larger agglomerates. The first two stages may have a significant effect on the rate 
of agglomeration. 
A simple kinetic model which is shown in Fig. 3.9 was presented by Dunstan et al. 
[24] to represent the oil agglomeration process. It was assumed that the collision between 
the solid particles and the dispersed bridging oil is the rate-determining step. They 
concluded that the inversion time, which is the time required for the viscosity of the 
slurry to increase rapidly due to agglomeration, decreased with an increase in either 
stirrer speed or oil concentration. This model accounted qualitatively for the observed 
experimental trends and provided a simple basis for understanding the fundamental 
cispects of the agglomeration process. 
A mechanism for an agglomeration process was proposed by Gregory [25] on the 
basis of the classical Smoluchowski theory [26] and is illustrated by Fig.3.10. 
This theory assumes that the rate of agglomeration is proportional to the rate of colli­
sion between particles, although not all collisions produce agglomerates. It also assumes 
that spherical particles are dispersed in a uniform shear field (such as in couette flow) in 
which particles move along straight parallel streamlines. From this point, Smoluchowski 
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Figure 3.9 The formation of agglomerates when collision between particles 
and oil droplets is the rate-determining step [24] 
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Figure 3.10 The formation of agglomerates by collision among particles and 
micro-agglomerates [25] 
developed an expression for the rate of decrease of paxticle number concentration N. 
= ^  a Gr"" (3.5) 
dt 3 
In this expression a is the collision factor ( fraction of collisions resulting in permanent 
aggregates) , G is the shear rate, and r is the radius of a particle. Applying equation 
3.5 to a continuous agglomeration process where the primary particle number concen­
tration is much larger than the number concentration of micro-agglomerates produced, 
the rate of agglomeration will be second order based on the particle number concentra­
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tion. Even so, this equation still requires that the agglomerates be spherical [25]. In a 
batch process, both N and a will change over time. Assuming the volume fraction of 
particles, ($=| tt N), remains constant during agglomeration, Gregory [26] showed 
that equation 3.5 becomes first order: 
= G — (3.6) 
dt TT 
The simplified equation has not been used widely in practice. 
Several research groups have studied the kinetics of agglomeration based on Smolu-
chowski theory. An important difference among the investigations has been in the way 
^ htis been measured. Lu and Guo [27] made use of the change in light scattering 
intensity of a slurry at different stages of the process to infer the agglomeration rate. 
However, they could only measure the initial rate of agglomeration due to the design of 
the experiments. Only the initial characteristics of the materials were used. Vananga-
mudi and Raxj [28] used an even simpler setup. They correlated the change in the size 
of the agglomerates below which 50% of the coal was found after agglomeration ( c/so) 
and agglomeration time. The empirical equation which was obtained is shown below, 
t t t 
J- = + 1— 
"50 «2 "sOoo "50oo 
In this equation cfsooo is the 50% passing size when the agglomeration is carried to com­
pletion, and t is the agglomeration time. Unfortunately, the screening method employed 
to obtain the size distribution could not have been accurate and seemed impractical due 
to the low strength of the agglomerates. Also may not be an accurate measure of 
the degree of agglomeration. 
Masy and Coumil [29] conducted a study of the kinetics of agglomeration of potas­
sium sulfate in a batch system. During an agglomeration experiment, the turbidity of 
the slurry was continuously monitored to indicate progress. An interesting result is that 
the turbidity of the suspension w«is found to be sensitive only to a narrow size range of 
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particles in suspension. This finding is contrary to common sense. The rate of change 
of turbidity ^ with solid concentration was correlated, and found to have a second or 
slightly higher order relationship with respect to the particle concentration. 
Zhang and Wheelock [12] found that the rate of agglomeration does not depend 
solely on the rate of change of turbidity. For a dilute suspension, they derived a more 
complicated theoretical relationship between the rate of agglomeration and the rate of 
change of turbidity that is given by 
^ ^  ^ (r - Xrof ^ 
d t  { i - x y  d t  ^  ^  
where r is turbidity, N is the particle number concentration at any time, Tq is the initial 
turbidity. No is the initial particle number concentration, X is ash content in the feed 
material, and t is time. 
A semi-empirical rate equation ( Equation 3.9) was developed by Zhang and Whee­
lock [12] to correlate and analyze the results of batch agglomeration tests. In most cases, 
the kinetic order with respect to particle concentration was between 1.0 and 1.3. The 
rate of agglomeration seemed to be controlled by the rate of collision between oil-coated 
particles or between coal aggregates rather than between oil-droplets and particles. The 
rate of agglomeration increased as more air was added to the system or as the agglom-
erant concentration or agitator speed was increased. 
= k N '  ( 3 . 9 )  
Sunada et al. [30] used computer technology to simulate the agglomeration process. 
A certain number of equal size spherical particles are dispersed in a liquid medium. 
Particles are allowed to move in six directions. The collision efficiency factor can be 
set between 1 and 0. Particles move at equal speed. Agglomeration is characterized by 
a simple count of aggregates regardless of size. The total paxticle number concentra­
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tion is then fitted to simulation time. A simple relationship similar to that found by 
Vanangamudi and Rax» [27] was obtained and is shown below. 
InN = —kt + InNo (3.10) 
The main drawback of this work was to treat all particles and all aggregates in the same 
way when characterizing the degree of agglomeration. 
Tyson [31] carried out an in-depth study of the general kinetics of agglomeration 
using a population balance approach. Both batch and continuous processes were inves­
tigated. The main difficulty with his approach was the experimental determination of 
the population of particles and aggregates at different stages of the process. 
Szymocha et al. [23] proposed a very complicated mechanism of agglomerate forma­
tion and breakage which is illustrated by Fig. 3.11. This mechanism provides a detailed 
description of agglomerate formation. However, a satisfactory mathematical model h«is 
not been developed to represent the process because of the complexity of the process. 
For air-promoted oil agglomeration, the mechanism shown in Fig. 3.12 is proposed by 
the present author to illustrate the several growth periods which have been observed in 
the present investigation and to account for previous theories of agglomeration. 
After air is injected into a slurry, gas bubbles and oil droplets are emulsified under 
vigorous agitation. Big bubbles will be covered by small particles. Small bubbles and oil 
droplets both will serve as bridges to hold particles together, and floes will be produced 
by the collision of emulsified particles. Aggregations are formed by the collision of floes. 
As time goes by, aggregates will be formed into larger spherical agglomerates and oil 
inside the aggregates will be squeezed to the surface. Finally, aggregation and breakage 
come to equilibrium and the agglomerates will be stabilized. 
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Figure 3.11 The formation of agglomerates by means of oil agglomeration 
according to Szymocha et al. [23] 
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Figure 3.12 The formation of agglomerates in gas-promoted oil agglomera­
tion 
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CHAPTER 4 EXPERIMENTAL MATERIALS AND 
EQUIPMENT 
4.1 Materials 
4.1.1. Preparation of coal slurry 
In this research work, two kinds of coal were used. One coal was from the Pittsburgh 
No.8 Seam in Belmont County, Ohio, while the other was from the Upper Freeport Seam 
in Indiana County, Pennsylvania. Coal samples were received in the form of lumps as 
large as 20 cm across. The lumps were crushed by a jaw crusher and reduced to particles 
about 3 cm in diameter. The crushed coal was stored in a large steel barrel under argon 
to avoid oxidation of the coal surface. Before the coal was used it was reduced further 
in size. First, the coal was ground either with a roll mill which produced 2 mm size 
particles or with an impact mill which produced even smaller particles. Second, the 
coal was ground with a stirred ball mill which produced particles only a few microns in 
diameter. The procedure for grinding coal involved placing 250 g coal, 300 ml deionized 
water, and 1200 g of 3 mm diameter stainless steel balls in a stainless steel jar and 
grinding the coal for 20 min. using a stirring rate of 400 rpm. The ground coal slurry 
was filtered under vacuum to remove most of the water but leaving surface water to 
insure that the coal was saturated with water. This resulted in a paste containing 
approximately 56% solids. The coal paste was stored in a refrigerator at 5°C to avoid 
oxidation until needed. 
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4.1.2. Properties of coal samples 
Coals from different areas have significantly different physical, chemical, and sur­
face properties. Some important properties of the Pittsburgh No.8 coal and the Upper 
Freeport coal samples are listed in Table 4.1. The ash content was determined accord­
ing to an ASTM method. The mean particle size of each coal sample was the average 
size based on the number of particles. The particle size distribution of the sample was 
obtained with an automated image analysis system. For this analysis a small amount 
of slurried coal was pipetted onto a glass slide and then diluted with enough water to 
disperse the particles. The sample was placed under an optical microscope, which was 
connected to a computerized scanning screen. An enlarged image of the sample from 
the microscope was then digitized and stored in a personal computer system. Finally 
the image was analyzed by means of the Auto-Pro image program [32]. 
Table 4.1 Properties of coal samples 
Coal Origin Ash, wt% Projected-area diameter, ^m Impact mill" Roll mill® 
Pittsburgh 
No.8 
Ohio 30.3 3.86 4.82 
Upper 
Freeport 
Pennsylvania 25.5 4.72 
"Coal was ground by an impact mill before it was wet ground by a ball mill 
''Coal was ground by a roll mill before it was wet ground by a ball mill 
4.1.3. Oil and water 
Pure iso-octane, which had a boiling point of 99 - 100°C, was obtained from Burdick 
and Jackson Laboratories, Inc., and it was used as an agglomerant for most of the early 
experiments. For later experiments, pesticide grade iso-octane with an indicated purity 
of 99.5% was bought from Fisher Scientific and used as an agglomerant. De-ionized 
water was used to disperse the coal paste. 
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4.2 Equipment 
The agglomeration system is shown in Fig. 4.1. The system includes a motor, a 
mixing tank, a Rushton-type turbine impeller, and a speed controller which indicates 
the agitator torque and the motor speed. In this work, two motors were used due to 
the power limitation of the smaller motor. The smaller motor had a power rating of ^ 
horse power and maximum speed of 2500 rpm. The larger motor had a power rating of 
J horse power and maximum speed of 2000 rpm. 
The design of the tank and the impeller was based on standard industrial practice. 
The lid had two 0.25 in. (6.35 mm) diameter holes located halfway between the center 
and the perimeter of the lid. One hole was used for the passage of the slurry, the other 
weis used for a thermometer. There was also a 0.5 in. (12.7 mm) diameter hole located 
in the center of the lid to accommodate a stainless steel agitator shaft. The upper end of 
the shaft was connected to the motor by a coupling. A Rushton-type six blade impeller 
was attached to the lower end of the shaft and it was located midway between the top 
and bottom of the tank. A 0.25 in. (6.35 mm) diameter hole was located in the side of 
the tank 1 in. (2.54 cm) above the bottom of the tank for withdrawing small amounts 
of slurry. 
Four tanks which diflFered in size were utilized. The mixing tanks were flat-bottom, 
cylindrical tanks which were fitted with a removable cover, and four vertical baffles. 
Since the principal dimensions of the tanks were kept in proportion, the tanks were 
geometrically similar (Table 4.2). The inside dimensions of the tanks are indicated in 
Table 4.2. Agitation of the suspension in each tank was provided by a single Rushton-
type turbine impeller attached to a vertical shaft. This type of impeller htis six vertical 
flat blades mounted on a horizontal disk. Four different impellers which were similar in 
design but differed in size were used interchangeably. The dimensions of the impellers 
are listed in Table 4.3. 
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Figure 4.1 Agglomeration system 
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Table 4.2 Principal dimensions of mixing tanks 
Tank Diameter, Height, Baffle Width, Net Volume, 
No. cm cm cm cm^ 
I 7.62 7.62 0.635 346 
II 11.43 11.43 0.95 1185 
III 15.24 15.70 1.27 2870 
IV 24.00 24.13 1.90 11071 
Table 4.3 Principal dimensions of flat-blade turbine impellers 
Impeller Overall Dia., Disk Dia., Blade Length, Blade Height, 
No. cm cm cm cm 
I 3.65 2.40 0.85 0.64 
II 5.08 3.30 1.25 1.00 
III 6.35 4.16 1.50 1.29 
IV 7.55 4.95 1.88 1.52 
4.3 General procedure 
1. Deionized water and sufficient coal paste were introduced into a mixing tank so 
that when the tank was subsequently filled with water and oil, the resulting slurry would 
have a specific solids concentration . 
2. For some runs, after the water and coal paste were stirred by hand to form a 
somewhat homogeneous slurry, the mixture was degassed by applying a vacuum corre­
sponding to -95 kPa for about 20 min. During the degassing process, the tank was 
shaken by hand to help remove the dissolved gas. A given amount of oil and some de­
gassed water were then added to completely fill the tank, and the agitator was operated 
slowly for several minutes to fully disperse the coal. The concentration of iso-octane 
was in the range of 20 - 30 v/w% based on the weight of dry solids. For most runs, the 
slurry was not degassed. 
3. The agitator speed was increased subsequently to a given value, and the measure­
ment of agitator torque weis begun. 
4. After agitating the suspension for 5 min., air was added to the slurry by with­
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drawing an equivalent amount of slurry with a syringe. During the agitation process, the 
mixing tank was cooled with an ice bath to maintain the temperature of the suspension 
close to room temperature and no samples were withdrawn. 
5. After awhile, agitation was stopped, the tank was opened and a sample was 
examined with a microscope, and the remaining slurry was diluted with an equal volume 
of water and poured over a 250 micrometer screen and the solids were allowed to drain 
on the screen for 5 min.. 
6. At the end, tailings and product were filtered and recovered separately, and then 
dried and weighed. Later the ash content of the product and tailings was determined. 
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CHAPTER 5 PRELIMINARY RESULTS OF OIL 
AGGLOMERATION TESTS 
Coal from the Pittsburgh No.8 seam was used for a preliminary series of agglomer­
ation tests. The coal was prepared and stored as described in Chapter 4. The method 
used to conduct each agglomeration test was also described in Chapter 4. Before each 
agglomeration test the aqueous suspension of coal particles was degassed by applying a 
vacuum. 
A number of batch agglomeration runs were made to study the effects of various 
parameters on coal recovery and agglomerate size. The parameters which were varied 
included agitator speed, oil concentration, and air dosage. For each set of these parame­
ters, a series of runs was made to determine the effect of treatment time on coal recovery. 
For each run in a given series the same conditions were used except treatment time. 
The ratio of tank diameter to impeller diameter was equal to 2.1 for the smaller tank 
and 2.25 for the larger tank. All of the runs were conducted with a solids concentration 
of 30 w/w%, except for two runs which were conducted with a solids concentration of 
20 w/w%. The experimental conditions and results are shown in Table 5.1 and Table 
5.2, respectively. 
5.1 Characteristics of the oil agglomeration process 
When coal, water, oil, and gas bubbles are stirred together, the whole process is very 
complicated. As the agglomerates form and grow, the appearance of the coal slurry 
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changes: the color changes from black to light grey, and the apparent fluid viscosity 
changes. As was discussed in a previous section, several significantly different stages 
occur during the oil agglomeration process. A series of pictures will be used to illustrate 
these stages. Fig. 5.1 shows the floes formed after the air is injected. Fig. 5.2 represents 
the aggregates immediately after the slurry changes from black to light grey, and Fig. 
5.3 represents the spherical agglomerates formed in the minimum time. 
When agglomerates are formed from a concentrated solids slurry by oil agglomer­
ation, the slurry of large agglomerates is very viscous and sticky, and not at all ho­
mogeneous. Therefore, the viscosity can not be measured by conventional methods. 
Observing agitator torque is a practical way of tracking the progress of agglomeration 
and indicating changes in slurry viscosity. 
Figure 5.1 Floes and flakes 
Figure 5.2 Small agglomerates and some flakes 
Figure 5.3 Spherical agglomerates 
Table 5.1 The experimental conditions used for preliminary agglomeration 
runs 
Test Tank diameter, Impeller diameter, Solids Oil Speed, Air Total time. 
No. cm cm concentration, w/w% dosage, v/w% rpm dosage, v/w% minutes 
MS 17 7.62 3.65 30 30 1600 9 40 
MS 18 7.62 3.65 30 30 1600 9 50 
MS 20 7.62 3.65 30 30 1600 9 85 
MS 22 7.62 3.65 30 30 1600 9 85 
MS 24 7.62 3.65 30 30 2000 9 70 
MS 26 7.62 3.65 30 30 2000 9 50 
MS 26 7.62 3.65 30 30 2000 9 30 
MS 27 7.62 3.65 30 30 2000 9 15 
MS 28 7.62 3.65 30 20 2000 9 135 
MS 29 7.62 3.65 30 20 2200 9 137 
MS 30 7.62 3.65 30 20 1800 9 135 
MS 32 7.62 3.65 30 20 1600 18 90 
MS 33 7.62 3.65 30 20 1800 18 90 
MS 34 7.62 3.65 30 20 2000 18 90 
MS 35 7.62 3.65 30 20 2200 18 90 
MS 36 7.62 3.65 30 20 2000 18 30 
MS 39 7.62 3.65 30 20 2000 18 60 
MS 40 7.62 3,65 30 20 2000 18 75 
MS 41 7.62 3.65 30 20 2000 18 20 
MS 42 7.62 3.65 30 30 2000 18 90 
MS 43 7.62 3.65 30 30 2000 18 50 
MS 44 7.62 3.65 30 30 2000 4.5 120 
MS 45 7.62 3.65 30 30 2000 4.5 90 
MS 47 7.62 3.65 30 30 2000 4.5 50 
MS 48 7.62 3.65 30 30 2000 4.5 90 
MS 49 11.43 5.08 30 30 1600 10 45 
MS 50 11.43 5.08 30 30 1600 9 50 
MS 51 11.43 5.08 30 30 1600 9 90 
MS 52 11.43 5.08 30 30 1600 9 15 
MS 53 11.43 5.08 30 30 1600 9 30 
Table 5.1 (Continued) 
Test Tank diameter, Impeller diameter. Solids Oil Speed, Air Total time. 
No. cm cm concentration, w/w% dosage, v/w% rpm dosage, v/w% minutes 
MS 54 11.43 5.08 30 30 1600 15 30 
MS 55 11.43 5.08 30 30 1750 9 90 
MS 56 11.43 5.08 30 30 1750 9 30 
MS 57 11.43 5.08 30 30 1750 9 50 
MS 58 11.43 5.08 JO 30 1750 9 15 
MS 59 11.43 5.08 30 30 1450 9 30 
MS 60 11.43 5.08 30 30 1450 9 15 
MS 61 11.43 5.08 30 30 1450 9 90 
MS 62 11.43 5.08 30 30 1450 9 50 
MS 63 11.43 5.08 30 30 1450 4.5 90 
MS 64 11.43 5.08 30 20 1600 9 90 
MS 65 11.43 5.08 30 20 1600 9 60 
MS 66 11.43 5.08 30 20 1750 9 90 
MS 67 11.43 5.08 30 20 1750 9 60 
MS 68 11.43 5.08 30 20 1750 9 30 
MS 69 11.43 5.08 30 20 1450 9 90 
MS 70 11.43 5.08 30 20 1450 9 60 
MS 71 11.43 5.08 30 20 1450 9 30 
MS 72 11.43 5.08 30 20 1600 4.5 90 
MS 73 11.43 5.08 30 20 1600 4.5 60 
MS 74 11.43 5.08 30 20 1750 4.5 60 
MS 75 11.43 5.08 30 20 1450 4.5 60 
MS 77 11.43 5.08 30 20 1600 18 60 
MS 78 11.43 5.08 30 20 1450 18 90 
MS 79 11.43 5.08 30 20 1750 18 90 
MS 80 11.43 5.08 30 20 1600 18 90 
MS 81 11.43 5.08 30 20 1450 9 30 
MS 82 11.43 5.08 20 30 1750 9 90 
MS 83 11.43 5.08 20 30 1600 9 90 
Table 5.2 The experimental results for different preliminary agglomeration 
runs 
Test Weight of product, Weight of tailings, Ash content Ash content Coal Ash Agglomerate 
No. g g of product, % of tails, % recovery, % rejection, % size, mm 
MS 17 82.3 21.3 11.87 83.8 95.4 64.6 0.2 
MS 18 86.3 23.4 11.68 81.02 94.2 66.5 0.2 
MS 20 81.2 25.3 8.19 90.34 96.8 77.4 2.5 
MS 22 78.2 26.5 7.82 88.94 96.1 79.3 2.5 
MS 24 79 26.2 7.95 87.09 95.5 78.4 2.0-3.5 
MS 25 82.51 25.59 10.28 77.0 92.2 70.0 0.2-0.3 
MS 26 82.9 25.5 11.87 78.25 92.9 67 0.15-0.2 
MS 27 83.3 23.2 15.9 70.46 88.8 55.3 big floes 
MS 28 82.6 24.8 11.2 81.86 94.2 68.7 0.15-0.22 
MS 29 81.2 26.9 12.98 72.3 90.4 64.9 0.08-0.1 
MS 30 51.6 56.3 19.89 34.67 52.9 65.5 floes 
MS 32 65.3 37.5 12.81 53.64 76.6 70.6 0.05-0.1 
MS 33 78.4 28.1 16.68 61.1 85.7 56.8 0.05-0.1 
MS 34 84.5 21.6 16.72 70.15 91.6 51.8 floes 
MS 35 80.6 23.2 12.42 81.64 94.3 65.4 0.08-0.1 
MS 36 70.6 33.8 15.91 51.7 78.4 60.9 floes 
MS 39 59.4 46.3 15.34 40.84 64.7 67.5 floes 
MS 40 75.4 28.7 15.08 62.66 85.7 61.3 0.05-0.08 
MS 41 43 63.7 17.89 33.87 45.6 73.7 floes 
MS 42 82.3 23.5 9.3 88.4 96.4 73.3 0.25-0.8 
MS 43 82.6 23.5 9.5 89.6 96.8 72.8 0.2-0.3 
MS 44 85.7 28.7 7.72 88.64 95.3 79.3 2 
MS 45 85.3 28.7 7.92 86.4 96 78.5 1.82.0 
MS 47 89.9 22.1 12.9 85.62 88.2 62 0.2-0.25 
MS 48 89.6 20.6 21.24 53.99 71.5 36.9 0.05-0.1 
MS 49 295.4 74.9 10.36 90.4 97.36 68.87 0.2-0.3 
MS 50 300.5 87.1 10.52 85.57 95.53 70.22 0.2-0.25 
MS 51 293.5 82.9 8.64 88.31 96.51 74.27 0.4-0.6 
MS 52 301.3 77.7 8.95 78.83 94.34 69.43 0.15-0.2 
MS 53 297 82.9 13.22 84.97 95.39 64.21 0.18-0.22 
Table 5.2 (Continued) 
Test Weight of product, Weight of tailings. Ash content Ash content Coal Ash Agglomerate 
No. g g of product, % of tails, % recovery, % rejection, % size, mm 
MS 54 282.5 83.5 8.9 85.53 95.52 73.96 0.2-0.22 
MS 55 282.2 80.7 8.79 89.78 96.9 74.5 0.4-0.6 
MS 56 294 86 8.21 83.69 95.06 74.89 0.15-0.2 
MS 57 283.1 75.85 8.45 89.94 97.14 74.04 0.25-0.32 
MS 58 284.7 78.87 11.04 77.16 93.36 65.94 0.12-0.15 
MS 59 302.5 88.58 13.01 70.37 90.93 61.3 0.1-0.15 
MS 60 297.5 82.46 18.97 58.22 87.49 45.97 0.08-0.1 
MS 61 283.4 88.08 8.33 90 96.72 77.05 1.2-4 
MS 62 299.6 85.16 10.84 84.37 95.25 68.87 0.15-0.25 
MS 63 285.5 84.11 9.78 88.71 96.44 72.77 0.25-0.4 
MS 64 261.4 109.7 14.98 59.03 83.18 62.32 0.09-0.12 
MS 65 241.8 133.2 15.35 49.77 75.36 64.11 0.07-0.1 
MS 66 281.5 97.01 14.59 64.49 87.47 60.37 0.08-0.12 
MS 67 262.4 115 15.51 54.54 80.92 60.65 0.07-0.1 
MS 68 224.5 155.7 19.59 39.28 65.63 58.17 0.05-0.07 
MS 69 264.1 106.4 16.45 58.53 83.34 58.9 0.07-0.12 
MS 70 245.1 131.1 17.51 48.5 74.97 59.7 0.06-0.1 
MS 71 290.9 91.57 22.68 45.24 81.77 38.57 0.05-0.06 
MS 72 269.5 105.2 17.91 52.69 81.64 53.45 0.05-0.1 
MS 73 249 124.7 18.81 46.06 75.04 55.08 0.03-0.09 
MS 74 246.7 130.5 18.16 46.26 74.22 57.41 0.05-0.1 
MS 75 32.48 345.5 22.48 28.16 9.209 93,02 floes 
MS 77 265.1 92.96 13.82 66.95 88.15 62.94 0.08-0.12 
MS 78 258.8 101 14.05 61.13 85 62.93 0.08-0.11 
MS 79 278.4 85.15 12.54 75.06 91.98 64.67 0.07-0.12 
MS 80 274.3 86.4 12.97 75.67 91.91 64.76 0.07-0.11 
MS 81 277.6 91.73 20.5 48.56 82.39 43.9 0.04-0.06 
MS 82 186.4 56.76 8.37 89.51 96.63 76.5 0.25-0.3 
MS 83 180.1 58.4 8.42 90.15 96.63 77.64 0.3 
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For this project, the process was monitored by measuring agitator torque against 
time. It was observed that agitator torque varied during the various stages of agglom­
eration in a way that is indicated by Fig. 5.4 and Fig. 5.5. After the introduction of 
air there was a sharp drop in agitator torque to point B followed by a rise to a point C 
and another dip to point D. Then the torque rose to a peak at E, which seemed to mark 
the point when all of the coal particles were incorporated into spherical agglomerates. 
However, a microscopic examination of the suspension following run MS 27, which is 
represented in Fig. 5.4, showed the material to be incompletely agglomerated at point 
E. Therefore, it became apparent that point E could not be relied upon completely as 
a marker for agglomeration. In subsequent series of agglomeration tests, monitoring 
of agitator torque was supplemented by frequent sampling of the coal suspension and 
examination of the samples with a microscope to determine the point when all the coal 
particles were incorporated into agglomerates. 
Fig. 5.4 and Fig. 5.5 represent runs MS 27 and MS 24, respectively, which were un­
dertaken with the same conditions except for treatment time following the introduction 
of air. For these two runs, the variation in agitator torque was similar between point 
A and point E. However, the structure and appearance of the product at the end of 
each run depended on the length of treatment time. When the time is extended, large 
aglomerates can be formed under appropriate conditions. At the end of run MS 27, the 
product consisted of a mixture of floes and smaller agglomerates. During run MS 24, 
there were several sharp peaks and dips in agitator torque after 60 min.. By the time 
the run ended, 2.5 mm diameter agglomerates had been produced. The formation and 
breakup of large secondary agglomerates may have been responsible for the sharp rise 
and fall of agitator torque observed near the end of run MS 24. At the end of this run 
much of the coaJ was sticking to the walls and cover of the mixing tank. 
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Figure 5.4 Vaxiation in agitator torque with time for run MS 27 conducted 
with 30v/w% oil, 9v/w% air, and 2000rpm agitator speed 
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Figure 5.5 Vciriation in agitator torque with time for nm MS 24 conducted 
with 30v/w% oil, 9v/w% air, and 2000rpm agitator speed 
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5.2 The effect of treatment time on separation efficiency and 
agglomerate size 
To investigate the effect of treatment time on coal recovery, ash rejection, product 
ash content, and agglomerate size, a number of experiments were conducted. One set 
of experimental runs was chosen to illustrate the influence of time. This set of runs 
was made with the same tank under the same conditions except for the treatment time 
following the introduction of air. The agglomerates were recovered by screening with a 
250 fim sieve. 
The experimental runs, which included runs 24 to 27, were made with the 7.62 cm 
diameter tank using the following conditions: 30 w/w% solids, 30 v/w% i-octane, 9 
v/w% air, and 2000 rpm agitator speed. 
From Fig. 5.6, it is apparent that as the treatment time was extended, the coal 
recovery on a dry, ash-free basis increased slightly and the product ash content decreased. 
Also, ash rejection increased with time. Due to less entrapped ash in the product 
and easier separation by screening, larger agglomerates produced by the process over 
time seemed to improve the efficiency of separation. For a shorter treatment time, 
agglomeration was incomplete which very likely accounted for the correspondingly poor 
separation. 
As the treatment time increased the agglomerate size aJso increased. For example, 
in runs 24 to 27, after a 10 min. treatment, the product consisted of a mixture of floes 
and smaller agglomerates, whereas after a 25 min. treatment the product consisted 
of compact spherical agglomerates having a diameter of 0.15 - 0.20 mm. When the 
treatment time was increased to 45 min., the agglomerate size increased to 0.20 - 0.3 
mm. A further increase in treatment time to 65 min. produced 2.0 - 3.5 mm diameter 
agglomerates. 
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Figure 5.6 The effect of time on coal recovery, ash rejection, and product 
ash content for runs 24 to 27 
5.3 The efifect of oil concentration on coal separation and ag­
glomerate size 
An examination of the results presented in Table 5.2 reveals that the progress of oil 
agglomeration was influenced strongly by both treatment time and oil concentration. 
The agglomerates tended to be larger, cleaner, and recovered in greater amount when 
an oil concentration of 30 v/w% was used, rather than 20 v/w%. Also, a higher coal 
recovery and better grade of product were obtained with a higher oil dosage. 
The effect of oil concentration on the change in agitator torque during agglomeration 
is illustrated by Fig. 5.7. From this graph, it is apparent that the agglomeration markers 
were reached sooner with a higher oil dosage. 
The effect of oil concentration on agglomerate growth is also indicated by the results 
Legend 
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Figure 5.7 Variation in agitator torque with time for run MS 61 and MS 
69 conducted with 30 v/w % solids, 9 v/w % air, and 1450 rpm 
agitator speed 
presented in Fig. 5.8 and Fig. 5.9 for runs made with impeller speeds of 1750 and 1450 
rpm, respectively. To achieve these results, the 11.43 cm diameter tank was employed 
together with a solids concentration of 30 w/w% and an air concentration of 9 v/w%. It 
is apparent that agglomerate growth was much more rapid with 30 v/w% oil than with 
20 v/w% oil regardless of impeller speed. At the lower speed, big clusters were formed if 
the treatment time was long enough. From these two plots, it can be seen also that the 
agitator speed had little effect on agglomerate growth rate when an oil concentration of 
20 v/w% Wcis used. 
42 
0.6 Legend 
30 v/w % oil 
20 v/w % oil E 
E 
W 
0) 
E 
.S 
0.4 
S 
o 
o 0.2 O) O) 
< 
0.0 
0 20 40 60 100 80 
Agitation time, min. 
Figure 5.8 Comparison of the oil concentration effect on the agglomerate 
size for runs made with an agitator speed of 1750 rpm 
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Figure 5.9 Comparison of the oil concentration effect on the agglomerate 
size for runs made with an agitator speed of 1450 rpm 
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5.4 The effect of agitator speed on coal separation efficiency 
From an analysis of the mechanism of oil agglomeration, it is concluded that agitation 
plays a very important role in the oil agglomeration process. Vigorous agitation can 
supply enough kinetic energy to overcome the energy barrier for collisions between coal 
particles and speed up the growth of agglomerates. On other hand, vigorous agitation 
can also break up the formed agglomerates. For further understanding of the effect of 
agitation on the oil agglomeration process, several experimental runs were made to verify 
this analysis. 
The first set of runs(MS 51, 55, and 61) was made with an 11.43 cm diameter tank 
using the same conditions, i.e., 30 w/w% solids, 30 v/w% i-octane, 9v/w% air, and 90 
min. total agitation time. Agitation speed Weis varied. The results are shown in Fig. 
5.10 and Fig. 5.11. 
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Figure 5.10 Torque changes with time for runs MS 51, 55, and 61 
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In every case, it can be seen that following the introduction of air the changes in 
agitator torque followed a pattern similar to that shown in Fig. 5.4 and 5.5. However, 
the time required to reach the bottom of the first dip (point B in Fig. 5.4) was longest 
(8.5 min.) in MS 61 and shortest ( 5.7 min.) in run MS 55. The times required to reach 
other turning points varied among runs in a similar way. The suspensions were examined 
with a microscope after the runs were stopped. It was found that spherical agglomerates 
having a diameter of 0.4 - 0.6 mm were produced in runs MS 51 and 55, in which the 
agitator speed wa^ 1600 and 1750 rpm, respectively. Decreasing the agitator speed to 
1450 rpm in run MS 61, produced large spherical agglomerates having a diameter of 1.2 
- 4 mm. 
The agglomerates were recovered by the screening method described in Chapter 4. 
Fig. 5.11 indicates that not much better separation was obtained at the lowest agitator 
speed when the treatment time was long enough. 
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Figure 5.11 Effect of agitator speed on separation efficiency for runs MS 51, 
55, and 61 conducted for 90 min. 
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For the second set of runs (MS 64, 66, and 69), the conditions included 30 w/w% 
solids, 20 v/w% i-octane 9 v/w% air and 90 min. total agitation time. The agitator 
speed varied between 1450 and 1750 rpm among runs. The results of these runs are 
shown in Fig. 5.12 and Fig. 5.13. In every case, the change in torque with time was 
similar to that in the first set of runs. The main difference was that the time required to 
reach the main turning points was much longer because the oil dosage was smaller than 
before. For the second set of runs, increasing the agitator speed led to a slight increase 
in coal recovery, and very little change in either ash rejection or product ash content. 
So, for a lower oil dosage, the agitator speed did not have much influence. 
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Figure 5.12 Torque changes with time for runs MS 64, 66,and 69 
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Figure 5.13 Effect of agitator speed on separation efficiency for runs MS 64, 
66, and 69 conducted for 90 min. 
5.5 The effect of air dosage on agglomeration 
Although the results in Table 5.2 do not provide a clear indication of the effect of 
air concentration on agglomerate growth rate, they do show that coal recovery and ash 
rejection improved with increasing air concentration when presented in Fig. 5.14 and 
Fig. 5.15. A better separation of agglomerates from mineral matter resulting from the 
use of more air suggests that the size distribution of the agglomerates was affected by 
air concentration. For runs MS 25, 43 and 47, which produced the results shown in 
Fig. 5.14, the agglomerate diameter was mainly in the range of 0.2 to 0.3 mm, while for 
runs MS 64, 72 and 80, which produced the results shown in Fig. 5.15, the agglomerate 
diameter was mainly in the range of 0.05 to 0.12 mm. The diameter of the smaller 
agglomerates appeared to be considerably smaller than the screen aperture size (i.e., 
47 
0.25 mm) which illustrates the difficulty of separating small agglomerates by screening. 
Of course, the method used for measuring the range of agglomerate size provided only 
an approximate indication of the size distribution. A more accurate method was used 
later. 
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Figure 5.14 Effect of air concentration on separation efficiency for runs 
made with 30 w/w % solids, 30 v/w % oil, and 45 min. at 
2000 rpm speed in 7.62 cm diameter tank. 
5.6 The effect of solids concentration on oil agglomeration 
Solids concentration is a very important parameter in oil agglomeration. In this 
work, a concentrated solids slurry was generally used. With a large solids concentration, 
more particles axe available and the agglomerate growth rate is faster. But when the 
solids concentration exceeded 40 w/w %, the suspension was no longer homogeneous, 
which interfered with agglomerate formation. In Table 5.2, it can be seen that a purer 
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Figure 5.15 Effect of air concentration on separation efficiency for runs 
made with 30 w/w % solids, 20 v/w % oil, and 85 min. at 
1600 rpm speed in 11.43 cm diameter tank. 
product was obtained with 20 w/w % solids than with 30 w/w % when other conditions 
were the same. 
5.7 The effect of size of agglomerates on separation efficiency 
Since the average agglomerate size produced in runs MS 59 to 70 was measured by 
using image analysis, it was possible to see how separation efficiency varied with the size 
of the agglomerates ( see Fig. 5.16). As the agglomerate size increased, the product 
ash content decreased, the coal recovery increased, and the eish rejection in the tailings 
increased. Hence, the results seem reasonable, because larger agglomerates entrap less 
mineral matter. 
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CHAPTER 6 PRINCIPAL TESTS OF OIL 
AGGLOMERATION 
Numerous selective gas-promoted oil agglomeration tests with two kinds of coal were 
conducted to study the effects of various operating parameters on the minimum time 
required to produce spherical agglomerates (fe), the size of the agglomerates produced 
{dp), product ash content, coal recovery, and ash rejection. 
6.1 Experimental 
First, the coals used for agglomeration tests were prepared by a somewhat different 
procedure than that described in Chapter 5; that is, a high-speed impact mill was used 
to grind the material after the coal had passed through a jaw crusher. Then as before, 
the coal particles were ground to micrometer size with a stirred ball mill. The resulting 
suspension was wet screened with a 35 /xm sieve, and material which passed the sieve 
was filtered to produce a thick paste. The paste was stored in a temperature-controlled 
refrigerator at 5°C until used. The particle size distribution was measured by automated 
image analysis [32]. 
Second, there was some difference in the agglomeration test experimental procedure. 
As before, deionized water and a predetermined weight of coal paste were introduced 
into a mixing tank which was subsequently filled with water and an agglomerant (oil). 
The agitator in the tank was rotated slowly for several minutes to fully disperse the 
particles after the mixing system was filled. The suspended mixture was not degassed 
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as in previous tests. At the end of a test it took only a few seconds to increase the 
agitator speed to the required operating value. Simultaneously, the measurement of 
agitator torque was started. After agitating the suspension for 5 min. at the selected 
operating speed, air was added to the slurry by withdrawing a measured amount of slurry 
with a syringe. The amount of air introduced was equivalent to the amount of slurry 
withdrawn. During the agitation process, the mixing tank was cooled with an ice bath 
to maintain the temperature of the particle suspension close to room temperature , and 
several small samples of slurry were withdrawn. After awhile, agitation was stopped; the 
tank was opened and a sample was taken to observe the range of agglomerate size with 
an optical microscope and in some cases to measure the agglomerate size distribution 
by automated image analysis. Starting with Run 95, the remaining agglomerates were 
washed by dumping the slurry from the mixing tank into a deep vessel fitted with a 250 
screen bottom which was immersed in a pail of water. The resulting mixture in the 
vessel was stirred gently for a few minutes, and then the agglomerates were recovered by 
raising the screen above the water surface, and the agglomerates were rinsed to remove 
mineral impurities. Starting with Run 108, the procedure was modified further by using 
a hand-held wand equipped with water sprays to wash the agglomerates. The wand 
w«is used to stir and wash the agglomerates suspended in the vessel with the screen 
bottom. After one minute washing, the screen was raised, and the agglomerates were 
allowed to drain for one minute. The under side of the screen was then rinsed with 
a fine water spray, and the agglomerates were allowed to drain for two minutes. The 
agglomerates were then transfered to a pan and dried. The tailings left in the pail were 
recovered by filtration and dried. The weight and ash content of product and tailings 
were determined. 
While conducting the agglomeration tests, it was observed that some particle floc-
culation took place during the initially conditioning period if an agitator speed of 2000 
rpm or higher was employed. Therefore, starting with Run 244 the agitator speed used 
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for conditioning was limited to 1500 rpm even though a higher speed was used for ag­
glomeration. For agglomeration tests conducted with an agitator speed of 1500 rpm 
or less, the conditioning speed was the same as the agitation speed for agglomeration. 
Starting with Run 268, a conditioning speed of 1000 rpm was used with the largest tank 
(24 cm diameter). 
Another modification in procedure, which was introduced starting with Run 244, 
was the way in which air was introduced to start agglomeration. Whereas air had been 
introduced by withdrawing a measured amount of slurry from the mixing tank with a 
syringe, the modified procedure involved withdrawing slurry through an outlet in the 
side of the tank and collecting the slurry in a graduated cylinder. While the slurry was 
being withdrawn, an agitator speed of 400 rpm was employed. This procedure required 
approximately 20 sec. to complete. 
The experimental conditions and results for this series of agglomeration tests are 
listed in Appendix A in detail. 
6.2 Principal results with Pittsburgh coal 
Over 100 runs were conducted with Pittsburgh No.8 coal to study the effect of the 
various parameters, such as tank size, impeller diameter, agitator speed, solids concen­
tration, oil concentration, and air concentration, on the minimum agglomeration time 
Ie and agglomerate diameter dp. The results listed in Table A.l show that there was a 
large variation in /js and </p, some variation in the product ash content, and very little 
variation in the coal recovery on a dry, ash-free basis as conditions varied from one test 
to another. Overall, coal recovery and ash rejection were higher with an oil concentra­
tion of 30 v/w% than with an oil concentration of 20 v/w%. Also a higher power input 
or a higher oil concentration led to shorter minimum agglomeration time {te)-
The effects of solids concentration, oil concentration, air concentration, impeller di­
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ameter, tank diameter, and impeller speed on the minimum agglomeration time and 
agglomerate size were studied in detail. The solids concentration (Xi) was controlled at 
five levels (20, 25, 30, 35, and 40 w/w %); the oil concentration (A'2) was controlled at 
six levels (10, 15, 20, 25, 30, and 35 v/w %); the air concentration (X3) was controlled 
at three levels (4.5, 9, and 18 v/w %); the impeller diameter (D) was controlled at four 
levels (3.65, 5.08, 6.35, and 7.55 cm); the tank diameter (T) was controlled at four levels 
(7.62, 11.43, 15.24, and 24 cm); and the impeller rotation speed (N) was controlled at 
nine levels (900, 1100, 1150, 1550, 1700, 2000, 2200, and 2400 rpm). Other factors , 
such cis temperature and agglomeration time, were held constant. Iso-octane was the 
only "oil" used for agglomerating Pittsburgh coal in the analysis which follows. The 
agglomeration time (tjs) was measured in terms of the minimum time required to pro­
duce spherical agglomerates. The agglomerate diameter (dp) was the average diameter 
measured by automated image analysis. 
6.2.1 Data analysis for the three larger tanks 
For the data analysis which follows, only the results obtained with the three larger 
tanks are included because the results obtained with the smallest tank appeared unusual 
with respect to agitator speed. Therefore, the data collected with the smallest tank 
are analyzed separately in the next section. According to the author's experience and 
understanding of the agglomeration process, the following nonlinear regression function 
would be likely to fit the system variables; 
tE = (6.1) 
By taking the logarithm of both sides of the preceding equation, the following additive 
regression model results: 
In  te  = In a -h b  In  Xi  + c In X2 + d In X3 + e InD + /  InT + g In N (6.2) 
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The preceding equation is transformed to a linear model by letting Vi = Ini^, X[ = 
InXi, X; = InXa, = InXg, X^ = In D, X'^ = InT, X; = IniV, and cq = In a. 
Yi= 00 + 0xX[ + /JjX; + /?3X; + 0,X'^  + /?5X; + /^ex; + e (6.3) 
The corresponding response function is 
E{Y,)  = ao + bX[ + cX; + (fX; + eX^ + fX^ + gX^ (6.4) 
Equation 6.4 was fitted to the experimental results by using regression analysis and 
analysis of variance. This fitting was accomplished by using statistical analysis software 
(SAS) and the results are shown in Table 6.1. Using the estimated regression coeffi­
cients (Labeled Parameter Estimate in Table 6.1), the estimated regression equation 
was determined to be cis follows: 
Yx = 12.0 - 0.307X| - 0.859X2 - 0.0897X3 - 4.57X4 + 2.51X5 - 2.70X6 (6.5) 
The author first investigated the appropriateness of the regression model 6.3 for the 
data at hand. A plot of the residuals against Yi is shown in Fig. 6.1, as is also a normal 
probability plot. 
These plots suggest somewhat gross inadequacies of the regression model 6.3. The 
assumption of constant variance is not seriously violated because there is no systematic 
trend between the residual values and the predicted values and most points fall randomly 
around a central zero line. But the assumption of normal distribution of error terms is 
violated somewhat since the coefficient of correlation between the ordered residuals and 
their expected values is 0.92, which does not support the assumption of normality of 
the error terms, because the critical correlation coefficient for that is 0.98 according to 
Neter et al [33]. 
Furthermore, the author found that the coefficient of multiple determination (labeled 
R-square) is 0.8101. Thus, the variation in minimum agglomeration time (Yi) is reduced 
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by about 81% when the additive model is utilized. Note that the adjusted coeflScient 
of multiple correlation (labeled Adj R-square) is 0.7905. This coefficient is close to the 
unadjusted coefficient. 
The author now turns to consider whether all of the independent factors are signif­
icantly important and whether any terms in the regression model can be dropped. To 
test whether all f3k = an overall F test is used to determine whether or not there is 
a regression relation between the response variable Y and the set of X variables. The 
alternative hypotheses are 
Hq: = /?2 = ^ 3 = ^4 = /?S = /?6 = 0 
Ha: not all f3k {k = 1,2,..., 6) = 0 
The test statistic is F*. If Ho holds, F" approximately has an F distribution with 6 
degrees of freedom versus n-6. Because the p-value for the F-test was 0.0001 and this 
value was far below 0.05, the author concluded that there was enough evidence to reject 
HQ. This meant that not all (3,8 are equal to zero. 
To further determine which variables were not significantly important, a t-test was 
used. The results of this test indicated in Table 6.1 suggest that jSi = 0 and 03 — 0, 
since their corresponding p-values are greater than 0.05. 
Based on the above analysis, the following model is considered proper: 
Yi=(3o + 02^ + /'4^4 + + e (6.6) 
When this model was refitted to the experimental results, the following equation was 
obtained: 
tE = 609,000X2"°®®^ (6.7) 
Apparently, due to experimental difficulties, the variation in solids concentration and air 
concentration was not large enough to cause a significant change in is- These factors 
should be studied over a wider range in the future. 
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Table 6.1 Analysis of variance for tE based on the results with Pittsburgh 
coal in the three larger tanks 
Dependent Variable: V, 
Sum of Mean 
Source DF Squares Square F Value Prob>F 
Model 6 25.06118 4.17686 41.249 0.0001 
Error 58 5.87310 0.10126 
Corrected Total 64 30.93428 
Root MSE 0.31821 R-square 0.8101 
Dep Mean 2.2493 Adj R-sq 0.7905 
C.V. 14.14726 
Parameter Estimates 
Parameter Standard T for HO: 
Variable DF Estimate Error Parameter= 0 Prob > |r| 
INTERCEP 1 12.028256 1.57877485 7.619 0.0001 
1 -0.306696 0.27782803 -1.104 0.2742 
1 -0.858987 0.32637164 -2.632 0.0109 
1 -0.089701 0.10617313 -0.845 0.4017 
1 -4.566331 0.40446704 -11.290 0.0001 
1 2.512664 0.28908932 8.692 0.0001 
1 -2.705139 0.27332592 -9.897 0.0001 
Since mixing performance correlates sometimes with agitator power input per unit 
volume or P/V, the following model was also investigated: 
1^ = /'o + 2^^ 2 + 07^ 7 + C (6.8) 
where X'f  = In  P/V.  An analysis of variance for fitting this model is shown in Table 
6.2. According to this analysis, the estimated regression function is 
Yi = 3.904456 - 0.7799A'2 - 0.99688X; (6.9) 
The corresponding nonlinear regression form is 
tE = 49.6Xf°-^®°(^)-°®®^ (6.10) 
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Figure 6.1 (a) A residual values against predicted value plot and (b) Normal 
probability plot for Pittsburgh coal based on the results with the 
three larger tanks 
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Table 6.2 Analysis of variance for ts for the cases with Pittsburgh coal 
Dependent Variable: 
Sum of Mean 
Source DF Squares Square F Value Prob>F 
Model 2 25.2879634 12.6439817 138.84 0.0001 
Error 62 5.6463137 0.0910696 
Corrected Total 64 30.9342771 
Root MSE 0.30178 R-square 0.8175 
Dep Mean 2.2493 Adj R-sq 0.8116 
C.V. 13.41650 
Parameter Estimates 
Parameter Std Error of T for HO: Pr>0 
Variable DF Estimate Estimate Parameter= 0 
INTERCEPT 1 3.904456308 0.38568785 10.12 0.0001 
x; 1 -0.779917178 0.30715465 -2.54 0.0136 
1 -0.996879596 0.05986065 -16.65 0.0001 
To assess the appropriateness of regression mudel 6.8, a plot of the residuals against 
Yi and a normal probability plot are shown in Figure 6.2. An examination of these plots 
shows no serious departure from constant variance and normality for the error term since 
the residuals are evenly distributed around the central zero line. Furthermore, normal 
probability plot approximates a straight line. Therefore, PfV seems to be a proper 
parameter for predicting the behavior of is. Now consider the case where the solids 
concentration, oil concentration, and air concentration are fixed for the agglomeration 
process, and consider the following model: 
Vi = /?0 + + e (6-11) 
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For the case when the solids concentration was 30 w/w%, oil concentration was 30 
v/w%, and air concentration was 9 vf'w%, fitting the results of 19 observations produced 
the following results: 
n = 4.6291 - 0.976A'; (6.12) 
with = 0.9315. When the proceeding equation was transformed back to nonlinear 
form, the following was obtained: 
ts = 102.4(^)-°-®^« (6.13) 
The correlation of with impeller tip speeds was also investigated. For the preceding 
case, a fitting between Yi and X'^{ln S) produced the following results: 
Vi = 6.2058 - 2.693;f8 (6.14) 
with = 0.4555. This equation was transformed back to nonlinear form: 
«£ = 495.65"^®®^ (6.15) 
When the solids concentration was 20 w/w%, oil concentration was 30 v/w%, and 
air concentration was 9 v/w%, the model represented by equation 6.10 became 
fx = 5.613 - 1.309A:; (6.16) 
Based on 14 observations, B? is 0.8609. The corresponding nonlinear regression function 
is 
tE = 274(^)-'='°® (6.17) 
In the case of (Kj = Indp), the following simple equation fits the data quite well 
since is 0.8178. The appropriateness of this model was verified by a similar analysis 
of residual values. 
Yi = 2.0782 + 0.6127X1 + 3.0128^2 + 0.3457^7 (6.18) 
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The transformed equation is 
dp = (6.19) 
For the case where the solids concentration, oil concentration, air concentration were 
fixed, e.g., 30 w/w% solids, 30 v/w% oil, 9 v/w% air, the regression relation between 
and X'j was 
Yi = -2.2336 + 0.3457X7 (6.20) 
where is 0.5161. The equation was transformed back to obtain 
dp = 0.107(^)°=" (6.21) 
This shows that the diameter of agglomerates is influenced by the input power per unit 
volume. 
For the same case the regression relation between Vj and X'^ (In 5, S is the tip speed 
of an impeller) turned out to be 
Y2 = -3.093 + 1.142^8 (6.22) 
where /2^ is 0.3740. When the equation was transformed back, the result WEIS 
dp = 0.04545'"2 (6.23) 
Apparently, the regression between V2 and Xg is not as good eis that between Y2 and X'^. 
Therefore, ^ is probably a better scale-up parameter. In other words, in size scale-up 
of an agglomeration system it is more likely that the same size of agglomerates would 
be produced by keeping y constant than by keeping S constant. 
6.2.2 Data analysis for smallest tank 
The effects of solids concentration, oil concentration, and air concentration were 
explored much more extensively with the smallest mixing tank which had an inside 
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diameter of 7.62 cm and was equipped with the 3.65 cm Rushton-type impeller. The 
experimental conditions were controlled at various levels within a reasonable range. The 
data are listed in the Appendix in Table A.l. In order to investigate the influence of 
different concentrations on the agglomeration process, a multiple regression method was 
used to analyze the data. The following additive model was fitted to the experimental 
data by using the SAS package: 
Yi = /?o + + 02^ 2 + + 07Xf + e (6.24) 
The values of the estimated coefficients and other results of the analysis of variance 
are listed in Table 6.3. Since all of the independent parameters were found to have a 
significant effect on V\, the following model is a good representation of the data: 
Yi = 5.704 + 1.0715X| - I.6I56X2 - 0.394^^ - 1.578X; (6.25) 
When the above equation was transformed back to nonlinear form, the following equation 
was obtained: 
tE = (6.26) 
This equation shows that for Pittsburgh coal Ie  increases with an increase in solids 
concentration, and decreases with an increase in either oil concentration, air concentra­
tion, or agitator power. 
From Table 6.3, it is apparent that all factors are important, and the regression 
equation may be adequate for fitting the data since all p-values are less than 0.05, and 
is as high as 0.761. The model assumptions were validated through the variance 
analysis and model assessment. 
A similar regression analysis for dp produced the following linear correlation between 
Y-i and X; and X'r-
Y2 = 0.4228 + 3.2146X2 + 0.6855X; (6.27) 
63 
Table 6.3 Analysis of variance for ts for Pittsburgh coal based on the results 
with the smallest tank 
Dependent Variable: 
Sum of Mean 
Source DF Squares Square F Value Prob>F 
Model 4 37.43390 9.35848 56.456 0.0001 
Error 71 11.76935 0.16577 
Corrected Total 75 49.20326 
Root MSE 0.40714 R-square 0.7608 
Dep Mean 2.78576 Adj R-sq 0.7473 
C.V. 14.61514 
Parameter Estimates 
Parameter Standard T for HO: 
Variable DF Estimate Error Parameter= 0 Prob > |r| 
INTERCEP 1 5.703922 0.68876680 8.281 0.0001 
1 1.071503 0.22380976 4.788 0.0001 
1 -1.615582 0.23319896 -6.928 0.0001 
1 -0.393977 0.15120673 -2.606 0.0112 
1 -1.578372 0.12597908 -12.529 0.0001 
with = 0.8360. The corresponding nonlinear form is 
dp = (6.28) 
Equation 6.28 shows that dp depends very strongly on oil concentration but not at 
all on solids concentration or air concentration. Therefore, a small increase in i-octane 
concentration would produce a large increase in tip. It is also obvious that dp increase 
with an increase in y, but the exponential index for y is not as large as that for oil 
concentration as indicated by Equation 6.27. In other words, the effect of y is not as 
strong as the effect of i-octane concentration. 
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6.3 Principal results with Upper Freeport coal 
Coal from the Upper Freeport Seam was used for a series of agglomeration tests 
which was designed to investigate the effects of different system variables on ts and dp, 
and also on coal recovery and product ash content. The feed material for this set of 
experiments had an ash content of 25.5 wt%. 
The experimental conditions employed and the results achieved with Upper Freeport 
coal are indicated in Table A.2 in the Appendix. As in the case of Pittsburgh coal, the 
following independent variables were varied among tests: solids concentration (Xi), oil 
concentration (X2), air concentration (Xa), tank size (T), impeller size (D), agitation 
speed {N).  
Due to the range of experimental conditions, which would guarantee the agglomer­
ation of particles, there was a large variation in both Ib and dp, but very little change 
in product recovery and product ash content. In most cases, coal recovery was 95% or 
more and the product ash content was in the range of 8 to 12 %. Hence, coal recovery 
and product ash content were not considered as process-dependent parameters. 
Table A.2 shows that there were many runs made with both the 7.62 cm diameter 
tank and 11.43 cm diameter tank. When the 7.62 cm diameter tank was used, the 
main goal was to investigate the effects of solids concentration, oil concentration, air 
concentration, and power input on is and dp. The following regression models were 
used to fit the data for the smallest tank: 
With the help of the SAS package, an analysis of variance of model 6.29 and model 
6.30 produced the results shown in Table 6.4 and Table 6.5, respectively. X'l and Xj 
were eliminated from model 6.29 because their p-vcdues were greater than 0.05. Based 
Ki =po +  ^ iX[+02X' , - \ -03X'^  + /3rX; + e (6.29) 
y2=f3o +  0iX[ +/32X ' ,+ +  PTX 'J + e (6.30) 
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on Table 6.5, Xj is the only important factor affecting since it is the only factor with 
a p-value less than 0.05. Power input seemed unimportant because the smallest tank 
was overpowered. 
When the experimental results were recorrelated using only the parameters which 
appeared significant, two useful correlation equations were obtained for the 7.62 cm 
diameter tank: 
Table 6.4 Analysis of variance for ts for Upper Freeport coal agglomerated 
in the smallest tank 
Dependent Variable: VI 
Sum of Mean 
Source DF Squares Square F Value Prob>F 
Model 4 13.47562 3.36891 11.248 0.0004 
Error 13 3.89351 0.29950 
Corrected Total 17 17.36913 
Root MSE 0.54727 R-square 0.7758 
Dep Mean 2.59957 Adj R-sq 0.7069 
C.V. 21.05222 
Parameter Estimates 
Parameter Standard T for HO: 
Variable DF Estimate Error Parameter=0 Prob> |r| 
INTERCEP 1 -5.221282 1.88916168 -2.764 0.0161 
1 0.127754 0.85021366 0.150 0.8829 
1 -3.240958 0.52211202 -6.207 0.0001 
1 -1.219922 0.31672124 -3.852 0.0020 
1 0.103655 0.24242516 0.428 0.6760 
tE  =  0.006X2-='-'®X3-^" (6.31) 
dj, = 0.896X](6.32) 
When the different concentrations were limited to 30 vf /yv% solids, 30 v/w% oil, 9 
v/w% air, the results achieved by agglomerating Upper Freeport coal in the larger tanks 
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Table 6.5 Analysis of variance for dp for Upper Freeport coal agglomerated 
in the smallest tank 
Dependent Variable: Y2 
Sum of Mean 
Source DF Squares Square F Value Prob>F 
Model 4 3.49917 0.87479 12.243 0.0048 
Error 6 0.42870 0.07145 
C Total 10 3.92788 
Root MSE 0.26730 R-square 0.8909 
Dep Mean -2.98587 Adj R-sq 0.8181 
C.V. -8.95224 
Parameter Estimates 
Parameter Standard T for HO: 
Variable DF Estimate Error Parameter=0 Prob> \T\  
INTERCEP 1 2.009339 1.24172507 1.618 0.1568 
1 1.380620 0.70749148 1.951 0.0989 
1 1.621361 0.36074240 4.495 0.0041 
1 -0.064784 0.20068726 -0.323 0.7578 
1 -0.213173 0.17105869 -1.246 0.2591 
were found to be correlated by the following two equations: 
tE = 108.8(^)-''^ (6.33) 
tE = 275.45-^='^ (6.34) 
No useful regression equation was obtained for dp. 
6.4 Comparison of agglomeration time between i-octane and 
hexadecane for Upper IVeeport coal 
In this section, the main goal is to compare the effect of oil type on the agglomeration 
process. Iso-octane and hexadecane were used as agglomerants. Their properties are 
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different; for example, the viscosity of iso-octane is 0.508 mPa.s, but the viscosity of 
hexadecane is 3.032 mPa.s. Also the surface tension of iso-octane is 21.14 mN/m, while 
the surface of tension of hexadecane is 27.05 mN/m. 
Some experimental runs were made to study the oil properties on the progress of 
agglomeration if other factors or conditions were held constant. The detailed results 
were listed in Table A.l, A.2, and A.3. Figure 6.3 compares the effect of the two kinds 
of oil. In this figure, the y axis is the difference in between when hexadecane and iso-
octane were used, that is {ts)hexadecane — {tB)iao-octane, whereas the X axis is the agitator 
speed. It is clear that the difference in ts decreases with an increase in agitator speed. 
This is partially due to better dispersion of hexadecane at a higher speed. 
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Figure 6.3 The difference in te when hexadecane and iso-octane were used 
versus agitation speed for Upper Freeport coal 
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CHAPTER 7 SIZE SCALE-UP OF MIXING SYSTEMS 
USED FOR OIL AGGLOMERATION 
A process for selective agglomeration of coal particles in an aqueous suspension by oil 
can be used to remove part of the sulfur bearing pyrites and other mineral matter from 
coal. For such a process, a stirred tank is a principal component of an agglomeration 
system. In a stirred tank, a mixture of water, fine coal particles, and oil is mixed by a 
rotating impeller. Therefore, mixing plays a very important role in an oil agglomeration 
process. However, few systematic studies of the effect of mixing on such a process have 
been carried out. Consequently, a useful scale-up criterion is needed to predict process 
results for larger equipment. Unfortunately, it is not possible to keep constant all the 
flow and shear relations during scale-up. In general, each class of processes requires a 
unique scale-up procedure. The procedure is determined through testing and experience. 
7.1 Principle of similarity and scale-up rules 
Hydraulic similitude (Table 7.1) [34] is widely used for scale-up of mixing equipment. 
It includes geometric similarity, dynamic similarity, and kinematic similarity. Geometric 
similarity means that all pertinent system dimensions are kept in proportion and have a 
common constant ratio. Kinematic similarity requires that all velocities for systems of 
different size have a common constant ratio. Dynamic similajity requires that all force 
ratios are kept constant for systems of different size. 
Actually, geometric similarity is easily maintained in going from a small unit to a 
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Table 7.1 Hydraulic similitude equations [34] 
Geometric similarity: ^ = XH=constancy 
Dynamic similarity: 
b)M (F  c )u  n  ^  
-&nr = ikw = iftiT = TftjT = fR=':<»>staiicy 
X is a given dimension for M (model) and P (prototype). 
Xr is a common ratio. 
F is a given force for the model and the prototype. 
"inertial force 
''viscous force 
'^gravitional force 
''interfacial tension 
bigger unit. However, kinematic similarity can not be kept constant because the increase 
of liquid velocities with scale-up would lead to an excessive increase in power intensity, 
i.e., power per unit volume. Also in most ca^es, it is not possible to maintain dynamic 
similarity, because it is not possible to keep constant more than one significant force 
ratio (for example, Reynolds number, Nng\ Power number, Np\ Froude number, Npr'i 
etc.). 
It has been shown that application of the principles of similarity may be conceptually 
useful, but the procedure is often impractical for mixing equipment. So another tech­
nique must be used for scale-up of mixing equipment, and that is to use an empirical 
rule. 
Scale-up rules have been widely used by industry. A scale-up rule is based on a 
key parameter which is held constant for a specific mixing process. According to the 
studies carried out by Oldshue [34] and Uhl et al. [35], agitator power per unit volume, 
pumping capacity per unit volume, impeller tip speed, agitator torque per unit volume, 
and agitator speed are parameters which may be used for scale-up. However, the more 
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commonly used parameters are agitator power per unit volume and impeller tip speed. 
7.2 Review of previous work 
Although scale-up studies for general chemical processes have been carried out in 
recent years, scale-up studies for agglomeration processes are uncommon. Here a detailed 
literature review will show what work has been carried out in this field. 
Petela [36] considered a very simple geometry for the impeller-tank system. He 
assumed that the greatest velocity gradient controls the final form of the product and 
that the agglomerates will not be broken into pieces when the product remains beyond 
the zone of maximum velocity gradient. He also assumed that the effect of turbulent 
pulsations is negligible and that mixing in the tank is by incompressible laminar flow. For 
such a simplified laminar flow system, the maximum velocity gradient appears within 
the region between the impeller tip and stationary wall, regardless of the fact that a 
rotating impeller generates a very complex fluid motion. The calculation of maximum 
gradient in the gap is based on the theory of stable laminar flow following the leading 
edge of the impeller. This case of laminar flow is similar to the case where a fluid with 
uniform velocity approaches a parallel motionless edge [36] eis shown in Fig. 7.1. A 
velocity gradient will form in a direction perpendicular to the edge, and the thickness e 
of the boundary layer is obtained through the following equations [37]: 
du^ ('-1' 
duj: du^ Tf 
With the boundary conditions = 0 at y = 0, = u at y = oo, and Uj, = u at 
X = 0 for zdl y. 
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Figure 7.1 Laminar flow following the leading edge of impeller [36] 
By solving the above equations, the boundary thickness e is determined cis: 
e ~ 5,/— 
pu 
(7.3) 
where r/ is the absolute viscosity of the fluid, p is the density of the fluid, and x and y 
are linear coordinates. 
Petela assumed furthermore that Equation 7.3 can be applied to a rotating impeller 
tip within a stationary incompressible liquid, as shown in Figure 7.2. The tangential 
liquid velocity u, relative to the rotating impeller tip, has the following boundary con­
ditions: 
B.C.I u = 0 at '' = f 
B.C.2 u = irdn at r = | + e where d is the diameter of the impeller. 
To simplify the boundary layer situation, another assumption is that the relative 
velocity u varies linearly with r anu Lhe absolute tangential liquid velocity is given by 
V = irdn — u. 
Therefore, the following relation is obtained; 
„ o /(Trfn)V (7.4) 
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Figure 7.2 Relative flow following an impeller tip [36] 
When a process is scaled-up, the majcimum shear rate is assumed to hold constant 
in both the small tank and large tank. The process parameters for the small and large 
tanks are denoted by subscripts 1 and 2 respectively. 
A (7.5) 
Substituting Equation 7.5 into Equation 7.4 and assuming Xi = X2, one obtains 
^P2V1 ^ 
^2^2 P\T]2 (7.6) 
It is easy to see that the material properties should be the same in both a small tank and 
a large tank: p\ = p2 and t/i =7/2- Therefore, the preceding equation can be restated as: 
dn = constant (7.7) 
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This criterion is known as a constant product of impeller diameter and impeller rotation 
speed or constant tip speed. 
Also, in contrast to the traditional residence time, the real residence time, defined 
as the length of time that a portion of slurry resides within the zone of maximum 
velocity gradient, is used as the second criterion for scale-up of a mixing system [36]. 
Theoretically, this criterion is determined by the product of the number of impeller 
wings, impeller wing height and number of parallel operating tanks, divided by the 
overall slurry flow rate. 
In practice, a half scale industrial agglomeration plant was designed, commissioned 
and operated in Australia to demonstrate the commercial viability of a selective oil 
agglomeration process, but no detailed information was provided about how the process 
was scaled-up [38]. 
7.3 Experimental determination of a scale-up basis for oil ag­
glomeration 
There are four or more phases coexisting in an agglomeration mixing system. These 
phases include solid particles, two immiscible liquid phases (for example, oil and water), 
and a gzis phase in the form of gas bubbles. The mixing process involves suspension 
of solids, oil dispersion, gas dispersion, and mass transfer. Of course, in the scale-up 
procedure for an oil agglomeration process, all the problems mentioned above must be 
taken into account. Also, in a selective oil agglomeration process, vigorous agitation 
is used to cause collisions between the different phases. In our system, a single flat 
blade turbine or radial-flow impeller was used which pumped in a radial direction. Dual 
flat blade turbines are shown in Figure 7.3 and 7.4. In such a system, the fluid moves 
outward from each impeller in a radial direction and is quite turbulent. The flow pattern 
is quite unlike the laminar flow pattern assumed by Peleta [36]. Hence an oversimplified 
74 
theoretical model may not have much practical meaning for the scale-up of a selective oil 
agglomeration process. Therefore, to find a key parameter or group of parameters which 
can be used as a basis for scale-up is very important. To see whether either agitator 
power per unit volume or impeller tip speed is a suitable basis for scale-up of an oil 
agglomeration was an objective of this research project. 
eTJ 
\ 
Area of 
Combined flow pattern photograph Separation flow patterns 
Figure 7.3 Flow pattern, dual-radial flat-blade turbines [34] 
7.3.1 Scope of experimental work 
To determine the applicability of two of the more widely used mixing system scale-
up rules, a series of runs was made with three different mixing tanks which ranged 
in diameter from 0.114 m to 0.240 m. As the tank size varied, the ratio of impeller 
diameter to tank diameter was held constant, e.g., about 3.1. All runs were made with 
the following conditions: 30 w/w% solids, 30 v/w% i-octane, 9 v/w% air, and 55 min. 
total treatment time. One set of runs was made with Pittsburgh coal and cinother with 
Upper Freeport coal. 
75 
Figure 7.4 Illustration of section shown in Figure 7.3 [34] 
7.3.2 Identifying suitable parameters for characterizing selective oil ag­
glomeration 
The agglomeration tests showed that satisfactory agglomeration was achieved with 
both kinds of coal by operating within the following range of concentrations providing 
sufficient agitation and treatment time were employed: 20 30 w/w % solids, 20 ~ 30 
v/w % oil, and 4.5 ~ 18.0 v/w % air. Within these ranges tg was greatly aifected by 
chamges in operating conditions whereas dp, coal recovery, and product ash content were 
affected much less. For the last three parameters the effects of changes in basic operat­
ing conditions were modified by the auiditional growth emd compaction of agglomerates 
which took place over the extended time. Coal recovery and product ash content were 
effected further by the screening operation used for recovering agglomerates. Therefore, 
it seemed unlikely that coal recovery and ash content would serve cis suitable parameters 
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for characterizing the basic agglomeration process, and dp appeared somewhat doubtful. 
Statistical correlations were determined between ts and either the power input per 
unit volume {P/V) or impeller tip speed S and aJso between dp and these parameters. 
Over the range of conditions explored, ts varied from 3.5 to 23 min. for Pittsburgh coal 
and from 3.5 to 27 min. for Upper Freeport coal. The variation in dp was much lower, 
being 0.109 to 0.334 mm for the first coal and 0.16 to 0.26 mm for the second coal. 
7.3.3 Determination of P/V 
The agitator power input per unit volume (PIV) is a key parameter since it seemed 
to affect the rate of agglomeration and would have an important effect on the operating 
cost of any industrial application. Due to the phase transition, variable slurry density, 
variable viscosity, and variable flow pattern, P/V varied during the initial stages of 
agglomeration. Therefore, the value of P/V at time is was selected for the purpose of 
correlation. The value of P/V was based on the measured agitator torque and speed by 
using the following basic relation [39]: 
where N (rpm) is the rotational speed, and r (g.cm) is the measured agitator torque, 
and V (liter) is the volume of the tank. Calculated P/V (W/1)values are indicated in 
Table A.l and A.2. 
In general, impeller power consumption is a function of the impeller speed N, diam­
eter Z), design, and a number of mixing environmental factors including [34]: 
1. Physical properties of the fluid medium 
2. Vessel size and geometry or shape 
3. Impeller location relative to vessel and fluid boundaries 
4. The presence or absence of baffles, their design, and location. 
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It is widely accepted that the power requirement P for an agitator fitted with an 
impeller having a diameter D and operating in the turbulent flow regime can be predicted 
by the following relation [40]: 
P = (7.9) 
9c 
where Np is the dimensionless power number, p is the density of the fluid, N is the 
rotational speed of the impeller, and QC is a dimensional constant. 
When an agitator operates in turbulent flow, Np is constant. For a cylindrical mixing 
tank whose diameter is equal to its height, the volume V of the tank is 
V = (7.10) 
where T is the inside tank diameter. Combining the preceding equations provides the 
following: 
P ANppN^D^ 
V ~ 
(7.11) 
~ 
For a standard or conventional mixing system involving the same type of turbine 
impeller operating in a cylindrical tank with four baffles, Np is 5. However, the present 
system differed from a standard system in several ways. In the present system, the 
impeller was located midway between the top and bottom of the tank, while more con­
ventional practice is to locate the impeller at a height above the tank bottom equal to the 
impeller diameter. In addition, the upper surface of the liquid surface was constrained by 
the top cover of the tank in the present system, whereas in a more conventional system 
there is usually a gas space between the surface of the liquid and the top of the tank. 
For the present system, the following empirical equation was found to flt experimental 
data collected by Drzymala [41]: 
P 
- = 4.99{-;^r' (7.12) 
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7.3.4 Correlation between is and P/V or S 
The observed values of /£; were found to correlate well with either P/V or S. The 
correlations and their corresponding correlation coefficients were determined by using 
the general linear method in the SAS package. The correlations obtained for Pittsburgh 
coal are as follows: 
tE = 102.4(^)-°-®'® r = -0.965 (7.13) 
tE = 495.6 r = -0.675 (7.14) 
where IE is in minutes, P/V is in W/liter, S is in m/s. 
Since the correlation coefficient was higher for Equation 7.13 than for Equation 7.14, 
and also since the exponential index for Equation 7.14 was very large, it appears that 
to achieve the same value of ts with a larger mixing system ais with a smaller system it 
would be better or safer to use the same agitator power input per unit volume than to 
use the same impeller tip speed. 
Similar results were achieved with Upper Freeport coal which provided the following 
equations: 
tE = 108.8(^)-»'^^ r = -0.850 (7.15) 
tE = 275 r = -0.684 (7.16) 
It can be seen that, as before, a better correlation was achieved between ts and P/V 
than between tE and 5. Also the exponential index for Equation 7.16 is relatively large. 
7.3.5 Correlation between dp and P/V or S 
The observed values of dp were found to correlate to some extent with either P/V or 
S for Pittsburgh coal. The correlations and their corresponding correlation coefficients 
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were determined by using the general linear method in the SAS package. However, the 
correlation coefficient between dp and either P/V or 5 was not £is large as that between 
ts and either P/V or S. Because dp was the result of an extended treatment time, it 
did not seem to depend as heavily on the intensity of agitation. 
For Pittsburgh coal, the following correlation equations were obtained: 
dp = 0.177(^)°'®® r = 0.7184 (7.17) 
dp = 0.0454 5' '^' r = 0.610 (7.18) 
Since the correlation coefficient and exponential index of the independent variable for 
Equation 7.18 are both close to 1, a better correlation was obtained between dp and 
S than between dp and P(V. For Upper Freeport coal, similar correlations were not 
obtained. 
7.4 Comparison of the minimum agglomeration time for Pitts­
burgh coal and Upper Freeport coal 
The effect of increasing agitator speed is indicated by Figure 7.5 for the case when the 
solids concentration was 30 w/w%, oil concentration was 30 v/w%, and air concentration 
was 9 v/w%. it can be seen that ts was greater for Pittsburgh coal than for Upper 
Freeport coal over the entire range of agitator speed, also that IE decreased more rapidly 
with increasing agitator speed for Pittsburgh coal than for Upper Freeport coal. Hence, 
at the highest speed Ib vfas getting slightly closer for both coals. This result means that 
the rate of agglomeration was faster with Upper Freeport coal than with Pittsburgh 
coal. 
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Legend 
Pittsburgh coal 
Upper Freeport coal 
Figure 7.5 Comparison of the minimum agglomeration time for Pittsburgh 
coal and Upper Freeport coal 
7.5 Recommendation for scale-up of selective oil agglomeration 
From the preceding analysis it appears that the scale up of an agglomeration system 
should be based on rather than dp. The analysis suggests that the appropriate scale-
up rule to follow is to maintain geometric similarity and hold P/V constant. 
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CHAPTER 8 CONCLUSIONS AND 
RECOMMENDATIONS FOR PART I 
8.1 Characteristics of a gas-promoted oil agglomeration process 
After a thorough study of a gas-promoted oil agglomeration process was carried out, 
the fundamental nature and basic characteristics of the process are better understood, 
and several tentative conclusions have been reached. Gas bubbles trigger the process 
of oil agglomeration and participate in a very complex mechanism which involves in­
teractions between solid particles, oil droplets, and gas bubbles all suspended in water 
under vigorous turbulent conditions. The process seems to take place in stages involv­
ing emulsification of oil and gas, floe formation involving oil or air bridges, compaction 
of irregular aggregates, and stabilization of agglomerates by compaction and breakage. 
With prolonged agitation, agglomerates are compacted, and given sufficient oil, the ag­
glomerates combine to form larger framboidal agglomerates or clusters. 
8.2 Some useful correlation equations between ts or dp and the 
operative variables for Pittsburgh coal and Upper Freeport coal 
The minimum time needed to produce spherical agglomerates was determined for 
a wide range of experimental conditions by monitoring changes in agitator torque and 
observing the structure of aggregates with a microscope. Also the average agglomerate 
size dp was measured by Auto-Image tinalysis, and useful correlations for tg and dp were 
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found as noted below. 
1. Correlations between ts or dp and the operative variables for Pittsburgh coal 
From a detailed statistical analysis, the following equation was found to predict the 
minimum agglomeration time {IE) for mixing tanks which ranged from 11.43 to 24 cm 
in diameter: 
tE = 609, (s.i) 
An alternative equation which also predicts the minimum agglomeration time is shown 
below. 
tE = (8.2) 
Furthermore, the author developed the very useful fitted equation 
tE = 102.4(f 
to predict the effect of power input per unit volume on IE when solids concentration 
is 30 w/w%, oil concentration is 30 v/w%, and air concentration is 9 v/w%. 
The statistical analysis showed that the minimum agglomeration time (fg) was af­
fected much more by oil concentration or power input per volume than by solids con­
centration or air concentration for the given range of experimental conditions. 
A good correlation between dp and Xi, X2, and y was determined to be: 
dp = (8.3) 
Also, for 30 w/w% solids concentration, 30 v/vr% oil concentration, and 9 v/w% air 
concentration, the following correlation was obtained: 
J, = 0.107(p)°=< (8.4) 
These two equations show that the agglomerate size was greatly influenced by oil concen­
tration, the power input per unit volume, and solids concentration. This result seemed 
due to particle bonding by oil after an extended treatment time and having enough en­
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ergy input to overcome the energy barrier involved in forming agglomerates. Air bubbles 
seemed to play an important role during the initial stage of agglomeration . 
2. Correlation between is or dp and the operative variables for Upper Freeport coal 
For a solids concentration of 30 vffvf%, i-octane concentration of 30 v/w%, and air 
concentration of 9 v/w%, a useful correlation for predicting the minimum agglomeration 
time (<£;) was obtained by using tanks from 11.43 to 24 cm in diameter: 
tE  =  108.8(^)-^'^^ (8.5) 
but no useful correlation equation was obtained for dp.  
3. Comparison of is between Pittsburgh coal and Upper Freeport coal 
The effect of increasing agitator speed is indicated by Figure 7.5 for a specific set 
of conditions. It can be seen that IE was greater for Pittsburgh coal than for Upper 
Freeport coal over the entire range of agitator speed, and also that ts decreased more 
rapidly with increasing agitator speed for Pittsburgh coal than for Upper Freeport coal. 
Hence, at the highest speed is was getting closer for both coals. This result means that 
the rate of agglomeration was faster with Upper Freeport coal than with Pittsburgh 
coal. 
8.3 Recommendation for scale-up of gas-promoted oil agglomer­
ation 
The experimental results indicate that the scale-up of an agglomeration system 
should be based on tg rather than d^. Furthermore, the analysis suggests that the 
appropriate scale-up rule to follow is to maintain geometric similarity and hold P/V 
constant. 
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8.4 Recommendation for future work 
First, this work focused on two coals: Pittsburgh No. 8 coal and Upper Freeport 
coal, and one kind of oil (i-octane), so it would be well to expand this study to other 
kinds of coal, such as lower rank coals, and other kinds of oil, such as waste oils, in the 
future. 
Second, since large agglomerates were produced with a high oil dosage, proper agita­
tion speed and a long agitation time, more investigation should be devoted to discovering 
how to make large agglomerates by using a lower oil dosage, a lower agitation speed, 
and a shorter agitation time. 
Finally, more work is needed to reduce the amount of oil required and its cost. Part 
II of this thesis is devoted to a ga^ agglomeration method for cleaning coal which requires 
very little oil. However, other possible approaches bear consideration as well. 
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PART II 
GAS AGGLOMERATION 
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CHAPTER 9 INTRODUCTION 
Several advanced coal cleaning processes have been proposed in recent years. The 
main objectives of these processes are to remove the impurities in coal to the extent 
that it contains a very small amount of ash and to remove the sulfur to minimize the 
SOx emissions during combustion. Traditional oil agglomeration and gas-promoted oil 
agglomeration have several advantages over other physical and/or chemical cleaning 
processes. One major advantage of the oil agglomeration process is that it is capable of 
recovering coal particles as small m a few microns in diameter or less. However, there is 
a critical disadvantage, which is its high operating cost due to the high oil consumption. 
It would, therefore, be advantageous to improve the agglomeration process concept to 
the extent that oil consumption is no longer a major impediment. 
For this reason, gas agglomeration, as an innovative method of cleaning coal, was 
investigated to determine its technical feasibility. In gas agglomeration, fine-size coal 
particles are suspended in water, and selectively agglomerated by oil-coated microscopic 
gas bubbles. 
The gas agglomeration method of cleaning coal involves saturating water with gas 
under pressure, adding a light hydrocarbon liquid such as i-octane, releasing the pres­
sure to produce microscopic gas bubbles, emulsifying the gas-oil-water mixture, and 
contacting fine-size coal particles with the microscopic or sub-microscopic gas bubbles 
in a well-mixed aqueous suspension to produce agglomerates which are held together by 
very small gas bridges. In some respects the process is similar to dissolved-air flotation 
[42]. 
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The overjill purpose of this project was to demonstrate the technical feasibility of 
gas agglomeration as a method for cleaning coal. Numerous agglomeration tests were 
conducted in which a concentrated coal slurry was mixed with a colloidal dispersion of 
gas bubbles to produce a dilute suspension which agglomerated rapidly under vigorous 
agitation. The detailed objectives of these agglomeration tests were: 
1. to determine the effects of operating parameters, such as oil concentration, air 
concentration, solids concentration, and agitator speed on the apparent rate of agglom­
eration, 
2. to find the optimum conditions for achieving a high separation eflRciency by using 
an experimental design, 
3. and to determine the nature of the gas agglomeration mechanism . 
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CHAPTER 10 BACKGROUND AND THEORY 
Drzymala and Wheelock [43] found that small amounts of gas must be present in an 
agitated suspension of coal particles in order to cause oil agglomeration to take place. 
They observed that nothing would happen during an oil agglomeration test in which 
an aqueous suspension of finely ground coal was first degassed and then was treated in 
a closed system with small amount of oil while being agitated vigorously. In one test 
no air was added to a partially degassed suspension, and after heptane was introduced 
the suspension was stirred for two hours without evidence of agglomeration. In sharp 
contrast to these results were the results achieved when a small amount of air was added 
to a degassed suspension which had been conditioned with heptane for 9 min. As soon 
as air was introduced, agglomeration started as was indicated by a rapid change in the 
turbidity of the suspension. 
Furthermore, Drzymala and Wheelock [17] discovered that natural hydrophobic ma­
terials such as Teflon, sulfur, gilsonite, and graphite could be agglomerated by air alone. 
Agglomeration tests were conducted with a closed, agitated system starting with de­
gassed suspensions and then introducing air in small increments. The progress of ag­
glomeration was monitored by observing the change in turbidity of a suspension. The 
extent of particle aggregation was proportional to the ratio of air to solids and to the 
hydrophobicity of the solids. Subsequent examination of the Teflon agglomerates with 
a microscope revealed particle aggregates that appeared to be bonded by gas bubbles. 
The preceding experiments suggest that highly hydrophobic particles in an aqueous 
suspension can form agglomerates which are held together by gas bridges between parti­
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cles. Long ago, Taggart [44] reported the formation of agglomerates of oil-coated mineral 
particles held together by the gas bridges. Also Luttrel and Yoon [21] observed that hy­
drophobic coal particles can be selectively coagulated in the presence of mineral particles 
without using agglomerants or flocculants. In this case, sub-microscopic gas bubbles or 
gas-filled cavities created by strong agitation may have acted as bridges between particles 
or the adsorption of gas nuclei or micro-bubbles on the coal surface may have increased 
the hydrophobicity of coal particles. This type of particle bonding can be inferred from 
the discovery of Parker and Claesson [22]. From their experimental measurement of 
forces in water between neutral hydrophobic surfaces under different conditions, it was 
believed that the strong long-range force of attraction between hydrophobic surfaces in 
water is due to bridging by submicroscopic bubbles or gas nuclei. 
Meagher and Craig [45] confirmed this idea by observing that the presence of dis­
solved gas increased the magnitude of the force of attraction between hydrophobic sur­
faces and the range of the attractive interaction whereas degassing reduced the range 
of interaction. This effect is probably due to gas precipitation [44] or gas nuclei. Gas 
precipitation on hydrophobic particles in an agitated suspension may be caused by the 
continuous alternation of pulp from a region of elevated pressure in front of the agitator 
blades to a region of reduced pressure behind the blades. Zhou, et al. [46] showed that 
gas nuclei can be generated by vigorous stirring of a gas supersaturated suspension and 
that the nuclei can be stabilized by the addition of a surfactant to the system. 
The preceding work suggested that gas agglomeration might provide a feasible new 
method for cleaning coal. Gas agglomeration is similar to oil agglomeration in some 
ways, and in other ways it is similar to dissolved air flotation [42]. However, particle 
agglomeration is not an objective or prerequisite for dissolved air flotation, whereas it is 
an essential feature of the present gas agglomeration process. In the earlier demonstra­
tion of dissolved air flotation, kerosene was used to enhance the hydrophobicity of coal 
particles [42]. Kerosene can not be used to stabilize a colluludi dispersion of microscopic 
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gas bubbles as i-octane was used in the present work. Therefor, it is unlikely that ag­
glomerates were produced which were held together by gas bridges when kerosene was 
used. 
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CHAPTER 11 THE GAS AGGLOMERATION SYSTEM 
A schematic diagram of the gas agglomeration system is shown in Fig. 11.1. The 
system included a photometric dispersion analyzer (PDA), a flat-bottom cylindrical 
mixing tank, a surge tank, a coal storage tank, a peristaltic pump, and a compressed gas 
tank. The mixing tank was very similar to the one described in Chapter 3 with respect 
to its design and layout. The body of the mixing tank was made from cylindrical 
Plexiglas tubing, and it was fitted with four vertical baffles made of Plexiglas. The 
tank was fitted with an aluminum bottom and an aluminum cover. A cooling coil was 
attached to the bottom of the tank. The cover of the tank was slightly concave to 
facilitate venting gas from the system. The central opening in the cover was fitted with 
an oil-impregnated bronze bushing which served as a bearing for the agitator shaft. 
The bushing also served as a retainer for a spring-loaded, graphite-reinforced Teflon 
shaft seal. The tank had an inside diameter of 11.43 cm and inside height of 11.43 cm, 
and its volume was 1178 cm^ when it weis fitted with an impeller, which was placed 
at a height of 2.54 cm above the bottom. The impeller was driven by a variable speed 
motor. The surge tank was used to store deionized water and to saturate the deionized 
water with a compressed gas by bubbling the gas through a sparger. The coal storage 
tank Wcis used to store the concentrated coal particle suspension before the suspension 
was pumped into the water-filled, pressurized mixing tank for agglomeration. When 
the above system was used for agglomerating dilute particle suspensions, the progress 
of agglomeration was monitored by observing the chjinging turbidity of the particle 
suspension. This was accomplished by continuously passing a stream of material from 
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the mixing tank through the mecisuring cell of a photometric dispersion analyzer (PDA) 
and back to the mixing tank. As the stream passed through the measuring cell, the light 
transmittance of the suspension was determined. The measurement was made with a 
PDA 2000 instrument manufactured by Rank Brothers Ltd. The action of the impeller 
in the mixing tank generated enough difference in pressure to cause material to circulate 
through the external loop encompassing the PDA. 
Surge tank 
Agitator motor 
Coal 
sorage 
tank 
V3 
StiiTed tank 
PDA 
Pump V5 Gas tank 
Figure 11.1 The gas agglomeration system 
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CHAPTER 12 RESULTS WITH DILUTE SUSPENSIONS 
12.1 Experimental Procedure 
Coal samples were utilized from both the Pittsburgh No.8 Seam in Belmont County, 
Ohio, and the Upper Freeport Seam in Indiana County, Pennsylvania. These coals were 
found to contain 27 wt% and 25.5 wt% ash, respectively. The samples were prepared 
and stored by the methods described in Chapter 4. The procedure for conducting a 
batch agglomeration test is described below: 
1. The surge tank was filled with deionized water and then pressurized. The water 
was saturated with a compressed gas for about one hour by bubbling gas through the 
water under a partial pressure which varied between 5 and 15 psig. 
2. Sufficient coal pjiste and water were mixed to form a concentrated slurry which 
Wcis placed in the coal storage tank. For some tests the pH of the slurry was increased 
to 10 by adding a small amount of sodium carbonate. 
3. The mixing tank was pressurized and completely filled with the saturated water 
from the surge tank. 
4. A measured amount of pure i-octane was introduced into the mixing tank after 
the agitator speed reached 2000 rpm. The mixture was conditioned for about 2 min. as 
the pressure was reduced to atmospheric. Microscopic gas bubbles or gas nuclei were 
formed due to the dissolved gas and the vigorous agitation. The concentrated coal slurry 
was then pumped into the mixing tank to provide an ultimate solids concentration of 
1.0 w/w%. Particles started to agglomerate immediately and the color of the slurry 
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changed from black to grey. The progress of agglomeration was monitored by observ­
ing the changing turbidity right after the concentrated coal slurry was introduced. As 
agglomeration proceeded the agitator speed was held at 2000 rpm and the temperature 
of the suspension was kept close to room temperature by circulating water through the 
cooling coil attached to the bottom of the mixing tank. A run was continued until the 
turbidity approached a constant value. 
5. At the end of a run, a sample of the suspension was examined with an optical 
microscope to determine the size range of the agglomerates. 
The results of the agglomeration tests are reported below in terms of the relative 
turbidity change which took place during a given test. The relative turbidity change 
(Axr) in percent is defined by the following expression: 
Arr = [(to — r)/ro] * 100 (12.1) 
where Tq represents the initial turbidity of the unagglomerated suspension and r repre­
sents the turbidity after agglomeration has taken place. It is clear that as agglomeration 
takes place the relative turbidity change will increase while the absolute turbidity de­
creases since there are fewer particles as the agglomeration goes on. 
12.2 Discussion of results 
12.2.1 The characteristics of the gas agglomeration process 
In a gas agglomeration test, the mixing tank was filled with water which had been 
saturated with compressed gas under pressure at room temperature, and then a liquid 
hydrocarbon, usually i-octane, was introduced into the mixing tank. The mixture of i-
octane, water, and microscopic gas bubbles and/or gas nuclei was conditioned for about 
2 min. as the pressure was reduced to atmospheric. The conditioning of the mixture 
created a fog-like colloidal dispersion which seemed to be stabilized by the small amount 
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of i-octane. It is thought that the i-octane formed a very thin film surrounding the 
microscopic gas bubbles or, in other words, encapsulated the microscopic gas bubbles. 
Soon thereafter a concentrated slurry of coal particles was introduced into the mixing 
tank so as to provide an ultimate solids concentration of 1.0 w/w%. Particles started 
to agglomerate right away. The color of the slurry changed from black to grey, and the 
turbidity of the suspension decrezised as the particles formed aggregates or agglomerates. 
The appearance of the agglomerates which formed is indicated by photomicrographs of 
samples taken at the completion of an agglomeration test. The photomicrographs were 
made with an optical microscope. Figure 12.1 and 12.2 are typical of the results. In 
Figure 12.2, it can be seen that the particles were collected around one big bubble. In 
most cases smaller bubbles served as bridges bonding the particles together. 
It was also observed that the agglomeration process is reversible in a way that is indi­
cated by Figure 12.3. The upper part of this figure indicates the system gauge pressure 
while the lower part shows the relative turbidity change caused by agglomeration. For 
this test, the water was first saturated with air under an absolute pressure of 205 kPa 
(15 psig gauge pressure) at room temperature (20-24°C). A small amount of i-octane 
was then dispersed in the water, and the system pressure was reduced to atmospheric 
pressure over a period of 30-60 s which created a fog-like colloidal dispersion. Soon 
thereafter a concentrated coal slurry was transferred from the coal storage tank into the 
mixing tank. Almost immediately the relative turbidity change rose rapidly, which indi­
cated starting of agglomeration. Ten minutes later, the relative turbidity change became 
constant, which indicated the completion of agglomeration. Shortly after this, the gauge 
pressure was raised to 274 kPa (25 psig) to destroy the agglomerates. Consequently, the 
relative turbidity change dropped quickly. This was caused by redissolving the air in the 
water, which resulted in the breakup of the agglomerates. Once again when the system 
pressure was reduced to atmospheric pressure, the relative turbidity change increased 
rapidly to a high level and remained constant. 
Table 12.1 A collection of agglomerates produced by using 15 psig gas sat­
uration pressure, 1 v/w% i-octane, and 1 w/w% solids 
suonMiQ-og 
Table 12,2 A single agglomerate with an encapsulated gas bubble produced 
by using 15 psig of gas saturated pressure, 1 v/w% i-octane, and 
1 w/w% solids 
100 
101 
Time, mm 
Time, mm 
Figure 12.3 The effect of changes in the system pressure on the relative 
turbidity change caused by the agglomeration of coal particles 
under the conditions: 15 psig gas saturation pressure, 2.5 v/w% 
i-octane, 1 w/w% solids, and 2000 rpm agitation speed 
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Generally speaking, gas agglomeration tests were conducted in which a concentrated 
coal slurry was mixed with a colloidal dispersion of gas bubbles to produce a dilute 
suspension which agglomerated rapidly under vigorous agitation. The colloidal disper­
sion of microscopic bubbles was produced by saturating water with gas under pressure, 
adding a small amount of i-octane, and reducing the pressure to atmospheric as the 
mixture was stirred. The i-octane appeared to stabilize the fog-like dispersion. After 
the dispersion of bubbles and coal slurry were mixed, agglomeration started right away. 
The apparent mechanism of gas agglomeration is illustrated by Figure 12.4. The mi­
croscopic gas bubbles and gas nuclei were generated by vigorous agitation after releasing 
the pressure of the supersaturated water, and then an oily film covered the gas bubbles 
creating a fog-like dispersion. The gas bubbles appeared to be stabilized by a film of 
i-octane. The oil-coated gas bubbles and nuclei then seemed to serve as bridges which 
held the small coal particles together. Coal agglomerates were formed while the mineral 
particles remained in suspension. 
Emiuificatioa 
of gas ofl mixture tiay gas bubbles 
Bridging of particles 
through the oil-coaied 
Coal Particles 
Gas nuclei Small oil droplet 
cr tiny gas 
bubbles 
OQ-coaled gas bubbles Agglomerates 
The apparent mechanism of gas agglomeratioo 
Figure 12.4 The apparent mechanism of gas agglomeration 
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12.2.2 The reproducibility of results of gas agglomeration tests 
In order to draw reasonable conclusions, the reproducibility of the agglomeration tests 
was verified by conducting duplicate tests with each coal and the experimental results 
indicated in Figure 12.5. The results suggest that the apparent rate of agglomeration 
WEis higher for Pittsburgh coal than for Upper Freeport coal, which was unexpected since 
the hydrophobicity of Pittsburgh coal is normally less than that of Upper Freeport coal. 
However, since the coals had been stored for a long time, their surface properties could 
have changed. 
Legend 
A Pittsburgh coal 
o Pittsburgh coal 
Upper Freeport coal 
-t- Upper Freeport coal 
10 15 
Time, min. 
Figure 12.5 Agglomeration test results with Pittsburgh coal and Upper 
Freeport coal 
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12.2.3 The effect of gas concentration on the gas agglomeration rate 
To study the effect of gas bubble concentration on the apparent rate of agglomeration, 
three tests were conducted with Upper Freeport coal using three different gas saturation 
pressures as indicated by Figure 12.6. Otherwise, these three runs were conduct 
ed using the same conditions including 1 w/w % solids, 2.5 v/w % i-octane based on 
the weight of coal, and 2000 rpm agitation speed. The dissolved gas concentration would 
have been directly proportional to the gas saturation pressure according to Henry' 
s Law. It can be seen that the relative turbidity change increased rapidly with time 
right after the pressure was reduced to atmospheric pressure and the coal slurry was 
introduced into the mixing tank. Furthermore, within 5 to 10 min. the relative turbi 
dity change became constant indicating completion of agglomeration. 
Also it is apparent that increasing the gas saturation pressure from 5 psig to 10 psig 
caused the agglomeration rate to increcise significantly since the relative turbidity change 
was much larger for a saturating pressure at 10 psig than 5 psig. By contr 
cist, increasing the pressure from 10 psig to 15 psig did not cause much change in the 
agglomeration rate 
The effect of gas concentration on the agglomeration rate of Pittsburgh coal, as 
indicated by Figure 12.7, was very similar to that noted for Upper Freeport coal. 
12.2.4 The effect of gas type on the gas agglomeration rate 
It is clear that microscopic gas bubbles play an important role in the agglomeration 
of coal particles. Different types of gases should have significantly different properties, 
e.g., water solubility and surface tension. Hence, the effect of gas type on the apparent 
rate of agglomeration was studied by comparing the results of runs made under similar 
conditions except for the gas type. In one run the water was first saturated with air 
at 5 psig while in an other nm the water was first saturated with carbon dioxide under 
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Figure 12.6 The effect of gas saturation pressure on the relative turbidity 
change caused by the agglomeration of Upper Freeport coal 
particles under the conditions: 2.5 v/w% i-octane, 1 w/w% 
solids, and 2000 rpm agitation speed 
similar conditions. Common experimental conditions included an i-octane concentration 
of 2.5 v/w %, 1 w/w % solids, and 2000 rpm 
agitation speed. For both runs. Upper Freeport coal was used and the results are 
shown in Figure 12.8. This plot shows that the apparent rate of agglomeration was much 
greater with carbon dioxide than with air, which was due to the higher concentration 
of carbon dioxide, since carbon dioxide is much more soluble than air in water. 
Experimental results with Pittsburgh coal as indicated in Figure 12.9, were similar 
to those with Upper Freeport coal. 
12.2.5 The effect of i-octane concentration on the gas agglomeration rate 
To investigate the effect of i-octane concentration on the apparent agglomeration rate 
of Upper Freeport coal particles, two runs were made with 1 w/w % solids, 15 psig air 
saturation pressure, and 2000 rpm agitation speed. The relative turbidity changes with 
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Figure 12.7 The efFect of gas saturation pressure on the relative turbidity 
change caused by the agglomeration of Pittsburgh No.8 coal 
particles under the conditions: 2.5 v/w% i-octane, 1 w/w% 
solids, and 2000 rpm agitation speed 
time for the two runs is shown in Figure 12.10. The results indicted that for two levels 
of i-octane concentration the agglomeration rate was not affected noticeably during the 
first 5 min. However, after 10 min. it appears that more particles were agglomerated 
with 2.5 v/w % i-octane than with 1.0 v/w % i-octane. A comparison of Figure 12.10 
and Figure 12.11 shows that the efFect of i-octane concentration on the agglomeration 
rate of Pittsburgh coal was similar to that on Upper Freeport coal. 
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Figure 12.8 The effect of gas type on the agglomeration rate of Upper 
Freeport coal under the conditions: 5 psig gas saturation pres­
sure, 1 w/w% solids, 2.5 v/w% i-octane, and 2000 rpm agitation 
speed 
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Figure 12.9 The effect of gas type on the agglomeration rate of Pittsburgh 
No.8 coal under the conditions: 5 psig gas saturation pressure, 
1 w/w% solids, 2.5 v/w% i-octane, and 2000 rpm agitation 
speed 
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Figure 12.10 The effect of oil concentration on the agglomeration rate of 
Upper Freeport coal under the conditions: 15 psig gas satura­
tion pressure, 1 w/w% solids, and 2000 rpm agitation speed 
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Figure 12.11 The effect of oil concentration on the agglomeration rate of 
Pittsburgh No.8 coal under the conditions: 5 psig gcis satura­
tion pressure, 1 w/w% solids, and 2000 rpm agitation speed 
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CHAPTER 13 RESULTS WITH CONCENTRATED 
SUSPENSIONS 
13.1 Single stage separation process 
In a single stage process, the separation of coal particles and mineral particles is 
performed after a raw coal suspension is subjected to only one stage of agglomeration. 
13.1.1 Procedure 
Pittsburgh No. 8 coal from Belmont County, Ohio, and Upper Freeport coal from 
Indiana County, Pennsylvania, were used as raw materials. The methods for preparing 
coal samples and storing coal samples are described in Chapter 3. The procedure for 
conducting a batch agglomeration test is described below. 
1. Deionized water was saturated with air in the surge tank by bubbling compressed 
air through the water under a pressure of 2 atm at room temperature. A mixture of 
coal paste, sodium carbonate solution, and water was introduced into the coal storage 
tank when Upper Freeport coal was treated. However, no sodium carbonate was added 
when Pittsburgh coal wcis treated. 
2. The mixing tank was pressurized with air and then filled completely with the sat­
urated water from the surge tank. After an agitator speed of 2000 rpm was established, 
a measured amount of pure i-octane was introduced. The mixture was conditioned for 
about 2 min. as the pressure was reduced to atmospheric. Then the concentrated coal 
slurry was introduced into the mixing tank so as to form an ultimate solids concentration 
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of 1.0 to 8.0 w/w%. The particles started to agglomerate right away. After the run was 
conducted for 10 to 30 min., the agitation was stopped. 
3. The slurry was then transferred to a settling chamber for separating the coal 
agglomerates and mineral particle slurry. The settled mineral matter was filtered, dried, 
weighed, and analyzed. 
4. The recovered coal agglomerates which floated were filtered, dried, weighed, and 
analyzed. 
13.1.2 Results and discussion 
1. New separation method 
In traditional and conventional oil agglomeration processes, skimming is a common 
method used for separating agglomerated coal particles and unagglomerated mineral 
particles since the coal agglomerates are large and comparatively strong. However, 
several attempts to recover the gas-bonded agglomerates by skimming were basically 
unsuccessful because the agglomerates were very fragile. Hence, a new method for 
recovering the agglomerates was tested. This method allowed the agglomerates to rise 
to the surface of the suspension after the agglomerates and slurry were transferred to the 
special device illustrated in Figure 13.1. After awhile,the agglomerates collected to form 
a top layer, and mineral matter settled to the bottom to form a settled layer. In order 
to separate these two layers, some water was added to raise the level of the agglomerate 
layer above the narrow neck and then the stopper was pulled up to partition the settling 
chamber. The material was then recovered from the upper part of the chamber without 
disturbing the material in the lower part. 
Several tests were made to show the improved separation efficiency. One pair of 
tests was made with the following conditions; 1 w/w% solids, 2.5 v/w% i-octane based 
on the weight of dry coal, 15 psig of gas saturation pressure, and 2000 rpm agitation 
speed. Table 13.1 shows that the coal recovery increased from 61.2% to 88.6%, ash 
I l l  
Figure 13.1 The special settling chamber used for separating the agglomer­
ates from the other material 
rejection increased from 56.1% to 77.5%, and the coal product was purer. Another pair 
of tests was made with the same conditions except that the solids concentration was 
increased to 3 w/w% solids. Again the results were similar. From these results, it is 
clear that the new separation method enhanced the separation eflBciency appreciably. 
2. The effect of pH 
The pH value can influence the surface properties of coal. When the pH of a coal 
suspension in water is much lower than 7, hydrogen ions will be adsorbed on the coal 
surface, and the coal particles will acquire a positive charge. Conversely in an alkaline 
pulp the coal and mineral particles will adsorb hydroxyl ions and acquire a negative 
charge. This will improve the dispersion of mineral particles. 
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Table 13.1 Comparison of new separation method and screening method 
Test Solids, Recovering Ash content Ash content Coal Ash 
No. w/w% method of product, % of tails, % recovery, % rejection, % 
98 1.0 skimming 16.1 35.3 61.2 56.1 
112 1.0 New method 11.6 77.8 88.6 77.5 
109 3 skimming 20.8 29.3 54.9 56.5 
116 3 New method 10.2 72.02 83.3 81.9 
For Upper Freeport coal, the natural pH of an aqueous suspension was 5.7, but 
after it had aged and the surface was oxidized the pH decreased to 5.7. For some 
agglomeration tests a small amount of sodium carbonate solution was added to increase 
the pH to 10 which improved the efficiency of separation. Comparison of results obtained 
by agglomerating Upper Freeport coal with and without addition of sodium carbonate 
solution is illustrated in Table 13.2. These three runs were conducted under the same 
conditions except for the pH value. The experimental conditions included 3 w/w% solids, 
1 v/w% i-octane, 15 psig gas saturation pressure, and 1500 rpm agitation speed. 
Table 13.2 Effect of pH on separation and recovery of Upper Freeport coal 
Test pH Ash content Ash content Coal Ash 
No. of product, % of tails, % recovery, % rejection, % 
121 5.7 19.0 33.5 61.5 57.3 
125 10 9.08 69.3 88.8 73.9 
3. General analysis of single stage agglomeration 
A large number of agglomeration tests were conducted with coal suspensions contain­
ing from 3 to 9 w/w% solids. The conditions and results are indicated in Table 13.3. The 
agglomeration tests were conducted with a 11.43 cm diameter tank equipped with a 3.65 
cm diameter impeller. The agglomerates were recovered by settling the agglomerated 
slurry in a chamber. The results of test 118 in Table 13.3 show that the ash content of 
coal was reduced from an initial value of 25.6 wt.% to a final value of 6.38 wt.% by using 
a solids concentration of 3 w/w% and i-octane concentration of 1 v/w%. At the same 
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time a coal recovery of 81.8% was. For the same solids concentration, the results of runs 
120 and 122 showed that a reduction in i-octane concentration to 0.5 v/w% produced 
an increase in product ash content to 9.5 wt.% on average and a significant decrease in 
ash rejection. When a higher solids concentration (9 w/w%) was employed in run 183 
the product ash content of the coal was reduced to 15.5 wt.%, and the coal recovery was 
79.7 wt.% based on an i-octane concentration of 2 v/w%. 
Table 13.3 Experimental conditions and results for some single stage ag­
glomeration runs of Upper Freeport coal 
Test Solid, Oil", P^ NS Time, Coal PH V,'' V2' ^3^ V a '  
No. w/w% v/w% psig rpm min. % % % % 
112 1 2.5 15 2000 15 UPF 5.7 11.59 77.8 88.6 77.48 
118 3 1 15 2000 30 UPF 10 6.38 61.4 81.82 83.84 
120 3 0.5 15 2000 30 UPF 10 9.46 60.25 82.05 76.04 
121 3 1 15 1500 30 UPF 5.7 19.0 33.46 61.53 57.27 
122 3 0.5 5 2000 30 UPF 10 9.64 63.25 84.83 74.26 
123 3 0.25 2 2000 30 UPF 10 9.4 44.19 65.04 80.4 
124 3 1 15 2400 30 UPF 10 9.7 70.37 89.52 72.13 
125 3 1 15 1500 30 UPF 10 9.08 69.25 88.84 73.9 
182 9 1 15 2000 10 UPF 10 12 37 59.53 74.54 
183 9 2 15 2000 10 UPF 10 15.48 52.4 79.74 60.44 
184 9 2 20 2000 10 UPF 10 15.87 56.5 85.12 54.62 
"i-octane 
''Gas saturation pressure 
•^Agitator speed 
''Ash content of product 
'Ash content of tailings 
^Coal recovery on a dry, ash free basis 
®Ash rejection 
4. Analysis of unreplicated two-level study for the agglomeration of Upper Freeport coal 
An experimental study was conducted to characterize the effects of solids concen­
tration (factor 1 or A), i-octane concentration (factor 2 or B), and gas concentration 
(factor 3 or C) on the separation efficiency of gas agglomeration. Separation efficiency 
is represented by the ash content of the coal product, the coal recovery, and the ash 
rejection. The three factors were studied at the low and high levels listed in Table 13.4. 
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One replication of a 2^ factorial experiment was carried out. The X matrix for the 
standard 2^ factorial ANOVA model and the response vector are shown in Table 13.5, 
in standard order. Note that the columns X\^ and Xz constitute the design matrix, 
identifying each of the treatments. The first response, denoted by Vi, is the ash content 
of the coal product, the second response, denoted by Y21 is the coal recovery, and the 
third response, denoted by Va, is the ash rejection. 
Table 13.4 Assignment of the factor levels 
Factor Low level High level 
Solids concentration (Xi), w/w% 3 5 
Oil concentration (^"2), v/w% 0.5 1 
Gas concentration (X3), psig 5 15 
Table 13.5 Y and X matrix for the 2^ factorial experiment design 
Treatment Test No. Yi Y2 Y3 Xi X2 X3 X12 A'I3 ^23 Xi23 
1 131 8.8 84.18 77.07 -1 -1 -1 1 1 1 -1 
2 126 10.39 79.1 73.94 1 -1 -1 -1 -1 1 1 
3 136 8.65 84.8 77.11 -1 1 -1 -1 1 -1 1 
4 135 11.76 90.42 64.89 1 1 -1 1 -1 -1 -1 
5 138 8.9 83.59 76.39 -1 -1 1 1 -1 -1 1 
6 128 11.3 90.6 66.81 1 -1 1 -1 1 -1 -1 
7 134 6.92 86.89 81.23 -1 1 1 -1 -1 1 -1 
8 127 11.06 90.14 67.45 1 1 1 1 1 1 1 
Using the X variables in Table 13.5, a regression model version of the fitted three-
factor ANOVA model is expressed by Equation 13.1 when Yi (the ash content of the 
coal product) is used as the dependent variable. 
Yil = fi... + 0iXil + /?2^«2 + ^ 3^13 
+ + {P)l3^ilXi3 
+ i0)23Xi2^i3 + i0)l23^ilXi2Xi3 + (13.1) 
In this equation e,- is a random error term having an independent and identical normal 
distribution with an expected value of zero and variajice of <r^ 
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The SAS regression results for the full ANOVA model {p = nj = 8) are presented in 
Table 13.6. Because there are no degrees of freedom available for error, no estimate of the 
error variance and no t statistic or P-values for the estimated regression coefficients are 
shown. Note that one of the estimated factor coefficients, 6i = 1.405, is substantially 
larger in absolute value than the next largest value coefficient, 623 = —0.43. Conse­
quently, the solids concentration factor may be active. The normal probability plot 
shown in Figure 13.2 is an attempt to identify more definitivitely the set of active ef­
fects. It is obvious that the point of factor 1 does not fall on the straight line, which 
confirms that solids concentration is the active factor. Perhaps, the ash content of the 
coal product was most affected by the solids concentration because more mineral matter 
was trapped in the agglomertes when a high solids concentration wjis treated. 
Table 13.6 Regression results for full ANOVA model applied to product ash 
content 
Predictor Coef Stdev t-ratio P 
INTERCEPT 9.7225 0 * * 
1.405 0 * * 
X2 -0.125 0 * * 
X3 -0.1775 0 * * 
Xn 0.4075 0 * * 
X23 -0.43 0 * * 
Xl3 0.23 0 * • 
Xl23 0.0275 0 * * 
Source DF Sum of Squares Mean Square F Pr 
Model 7 19.4061500 2.7723071 * * 
Error 0 * 
Corrected Total 7 19.4061500 
Using the X variables in Table 13.5, the regression model version of the fitted three-
factor ANOVA model fitted is expressed as Equation 13.1 except V2 (the coal recovery) 
is used as the dependent variable. The SAS regression results for the full ANOVA model 
{p = TiT = 8) are presented in Table 13.7. Note that adl estimated factor coeflScients are 
about the same size. Consequently, all factors maybe important. The normal probability 
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a. 
-1 1 
Estimate of effect 
Figure 13.2 Ordered effects for the 2^ factorial experiment applied to prod­
uct ash content 
plot shown in Figure 13.3 identifies one two-way and one three-way interaction which 
do not fall on the straight line. Hence all factors need to be included. 
Using the X variables in Table 13.5, the regression model version of the fitted three-
factor ANOVA model is expressed as Equation 13.1 except (the ash rejection) is 
used as the dependent variable. The SAS regression results for the full ANOVA model 
{p = TiT = 8) are presented in Table 13.8. The main factor coefficient Xi and its two-
way interaction coefficients with two other factor are quite large. Consequently, the 
main effect Xi and two-way interactions may be important. The normal probability 
plot shown in Figure 13.4 is an attempt to identify more definitivitely the set of active 
effects. Figure 13.4 shows that the coefficients of Xi and ^"23 do not fall on one line, 
therefore, the main effects Xi and interaction effect X23 are significantly important. The 
main effect Xi, X2, X3, and interaction effect X23 are the set of active effects. 
Based on the above analysis, a low solids concentration, a high oil concentration, 
and a high gas concentration will lead to the best separation efficiency and better coal 
product. 
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Table 13.7 Regression results for full ANOVA model applied to coal recov­
ery 
Predictor 
INTERCEPT 
ATi 
X2 
X3 
X12 
X23 
Xi3 
X123 
Coef 
86.215 
1.35 
1.8475 
1.59 
0.8675 
-1.1375 
1.215 
-1.80750 
Stdev 
0 
0 
0 
0 
0 
0 
0 
0 
t-ratio 
* 
* 
* 
* 
• 
* 
* 
• 
P 
* 
* 
* 
* 
* 
* 
Source DF 
Model 7 
Error 0 
Corrected Total 7 
Sum of Squares 
116.428800 
* 
116.428800 
Mean Square 
16.632686 
F 
* 
Pr 
* 
- XI23 
Estimate of effect 
Figure 13.3 Ordered effects for the 2^ factorial experiment applied to coal 
recovery 
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Table 13.8 Regression results for full ANOVA model applied ash rejection 
Predictor Coef Stdev t-ratio P 
INTERCEPT 73.1112 0 * * 
Xi -4.8388 0 * » 
X2 -0.4412 0 * 
X3 -0.1412 0 * * 
Xu -1.6612 0 * * 
X23 1.8113 0 * * 
Xi3 -1.0012 0 * * 
X i23 0.6112 0 * * 
Source DF Sum of Squares Mean Square F 
Model 7 248.357287 35.479612 
Error 0 * 
Corrected Total 7 248.357287 
1.2 
1.0 
0.8 
1 0.6 1 
a. 0.4 
i 
z 0.2 
0.0 
-0.2 
-10 -6 -4 -2 0 
Estimate of effect 
Figure 13.4 Ordered effects for the 2^ factorial applied to ash rejection 
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5. Analysis of unreplicated two-level study of Pittsburgh coal 
A 2^ experimental design used for studying the effect of the three factors described 
in Table 13.5 on the separation efficiency for Pittsburgh coal was carried out. Unfortu­
nately, no useful results came out of the experiment because the pump used for pumping 
coal particles into the mixing tank failed to work properly. 
13.2 Two-stage separation process 
The two stage process shown in Figure 13.5 was used to demonstrate the advantages 
of a multistage agglomeration process over a single stage process. In the two stage 
process, when a concentrated suspension of finely ground particles in water is mixed with 
an emulsion of microscopic gas bubbles in stage I by employing vigorous agitation, the 
coal particles and microscopic gas bubbles are incorporated into the small agglomerates 
which float and are relatively stable while the mineral particles are not agglomerated. 
Consequently, by settling the agglomerates and mineral slurry it is possible to separate 
the coal agglomerate layer from the mineral particle layer. Filtration is utilized to recover 
the solids from these two layers. 
The results of the single stage agglomeration tests listed in Table B.l indicate that 
the separation by one stage is not perfect since some mineral particles are entrapped 
in the coal agglomerates and some coal particles end up with the mineral particles. To 
show that the overall method of separation can be improved by using more than one 
stage of agglomeration, several agglomeration tests were conducted to compare single 
stage and two stage processes. 
To demonstrate the second stage, the agglomerated product which was recovered 
from the first stage by filtration was mixed with deionized water to form a concentrated 
slurry and then w<is returned to the coed storage tank. In the second stage, the mixing 
tank was first filled with water which had been saturated with air at a lower pressure 
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Figure 13.5 Flowsheet for a two stage agglomeration process 
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(e.g., 5 psig) than that used to prepare the gas emulsion for stage I agglomeration. Then 
the concentrated coal slurry was pumped into the mixing tank. In order to destroy the 
gas bridges holding agglomerates together and to release the mineral particles entrapped 
in agglomerates, the system pressure was increased to 25 - 30 psig for a few minutes while 
the suspension was agitated. After that, a small amount of i-octane was introduced into 
the mixing tank, and the pressure was slowly released to reform the coal agglomerates. 
After 10 min. of reagglomeration, the agglomerates were separated and recovered using 
the same method as described for a single stage process. 
13.2.1 Procedure 
Pittsburgh No. 8 coal from Belmont County, Ohio, and Upper Freeport coal from 
Indiana County, Pennsylvania, were used as raw materials. The methods for preparing 
coal samples and storing coal samples are described in Chapter 4. The procedure con­
sisted of two parts; the first part was carried out as described in Items 1 to 4 of Section 
13.1.1 while the second part was carried out as described below. 
1. The recovered coal agglomerates were again mixed with water, and were returned 
to the coal storage tank. The mixing tank was refilled with deionized water which had 
been saturated with air at a lower pressure compared to that used for the first stage. 
The concentrated coal slurry was then pumped into the mixing tank which was under 
pressure. 
2. The system was subjected to a pressure up of 25 to 30 psig for a few minutes while 
the suspension was agitated. After that, a small amount of i-octane was introduced into 
the mixing tank, and the pressure was slowly released to reform the coal agglomerates. 
After 10 min. of reagglomeration, the agglomerates were separated and recovered using 
the same method as described for a single stage. 
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13.2.2 Results and discussion 
1 • Important characteristics of gas agglomeration 
To verify that coal agglomerates held together by microscopic gas bubbles can be 
formed and destroyed by manipulating the system pressure, an important test was con­
ducted with the system described in Chapter 11. The experiment was carried out as 
follows: first, the mixing tank was filled completely with water saturated with air, and 
then a small amount of i-octane was introduced into the system. With the aid of vigor­
ous agitation, a fog-like emulsion was generated as the system pressure was reduced to 
atmospheric. Second, a concentrated coal slurry was pumped into the mixing tank, and 
agglomeration started right away The color of the slurry in the mixing tank changed 
from pure black to grey. Third, stirring was stopped after 10 min. of agitation, and the 
coal agglomerates were observed to float to the surface. Fourth, the system pressure was 
raised to 27 psi within a few seconds while the agitator wjis stopped at a lower speed, 
and a few minutes later, the coal agglomerates disappeared and the particles settled 
toward the bottom. Fifth, stirring was restarted and the system pressure was reduced 
to atmospheric within a few minutes, and agitation was continued for 5 min. to assure 
that agglomeration was complete. At the end, agitation was stopped, and coal agglom­
erates floated to the top of the tank and mineral particles were left in suspension. This 
experiment showed that the agglomerates can be destroyed by increasing the pressure 
and can be reformed by releasing the pressure. 
2. Comparison of one and two stage agglomeration tests with Upper Freeport coal 
Several experiments were conducted to compare the separation efficiency of one stage 
and two stage processes. The coal used was a sample of Upper Freeport coal with an 
ash content of 33.0 wt% on a dry basis. The tests were carried out with the system 
described in Chapter 11. The experimental conditions are shown in Table 13.9 and 
results are shown in Table 13.10. The total amount of i-octajie was the same for both 
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the one and two stage tests. Table 13.10 shows that the ash rejection in the tailings 
from the first stage and the ash content of the tailings Ti were basically the same for all 
tests. As expected, the ash content of the coal product after the two stage treatment 
(6.3 wt.% on average) was considerably lower than the ash content of the coal product 
after the one stage treatment (10.4 wt.% on average). However, the coal recovery from 
the two stage treatment (82 % on average) was slightly lower than that from the one 
stage treatment (88.7 % on average). 
Table 13.9 The conditions used for the one and two stage agglomeration 
tests with Upper Freeport coal 
Test Stage I Stage II Solids, pH, i-octane. Air pressure. Solids, pH, i-octane, Air pressure, 
w/w% w/w% psl w/w% w/w% psi 
180 3 10 0.99 15 - - - -
181 3 10 0.99 15 - - - -
178 3 10 0.79 15 2.1 7 0.29 5 
179 3 10 0.79 15 2.0 7 0.29 5 
Table 13.10 The results of one and two stage agglomeration tests with Up­
per Freeport coal 
Test Stage I Stage II 
Pi Ti Ash Coal P2 T2 Ash Coal 
ash, ash. rejection recovery ash. ash. rejection recovery 
vilvi% vrfvf% % % vrfvf% w/w% % % 
180 10.6 76.1 78.3 88.2 - - - -
181 10.2 77.5 78.6 89.2 - - - -
178 _ 77.5 78.1 — 6.50 40.6 10.5 81.2 
179 - 77.1 80.3 - 6.10 44.4 8.8 82.8 
3. Comparison of one and two stage agglomeration tests with Pittsburgh coal 
Two tests were conducted to compare the sepauration efficiency of one stage and two 
stage processes. The coal sample of Pittsburgh coal had an ash content of 26 wt% on 
a dry basis. The tests were carried out with the system described in Chapter 11. The 
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experimental conditions are shown in Table 13.11 and results are shown in Table 13.12. 
Table 13.12 shows that the ash rejection in the tailings from the first stage was larger in 
test 177 than in test 176 even though the conditions were the same. As expected, the ash 
content of the coal product after the two stage treatment (4.4 wt.% ) was considerably 
lower than the ash content of the coal product after the one stage treatment (9.2 wt.%). 
The coal recovery from the two stage treatment (77 wt.%) was lower than that from the 
one stage treatment (89 wt.%). 
Table 13.11 The conditions for the single and two stage agglomeration tests 
with Pittsburgh coal 
Test Stage I Stage II Solids, pH, i -octane, Air pressure. Solids, pH, i-octane. Air pressure, 
w/w% w/w% psi w/w% w/w% psi 
176 3 7 0.79 15 - — — -
177 3 7 0.79 15 2.0 7 0.29 15 
Table 13.12 Comparison of results for the single and two stage agglomera­
tion tests with Pittsburgh coal 
Test Stage I Stage II 
Px Ti Ash Coal Pi T-x Ash Coal 
cLSh, a£h, rejection. recovery. ash. ash. rejection, recovery, 
w/w% w/w% % % w/w% w/w% % % 
176 9.2 70.9 74.9 89.0 - - — -
177 - 64.5 77.6 - 4.4 40.1 12.73 77.2 
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CHAPTER 14 CONCLUSIONS AND 
RECOMMENDATIONS FOR PART II 
14.1 Conclusions 
1. Characteristic of gzts agglomeration process 
(1) The mechanism of the gas agglomeration process seems to involve the colloidal 
dispersion of microscopic gas bubbles which are stabilized by a hydrocarbon film and the 
subsequent interaction of the microbubbles with coal particles to form small spherical 
agglomerates which are held together by the microbubbles. 
(2) The agglomeration process is reversible and agglomerates can be destroyed and 
reformed by simply raising or lowering the pressure. This phenomenon can be utilized 
for a multistage agglomeration process. 
2. Single stage process for treating concentrated suspensions 
Numerous agglomeration tests with moderately hydrophobic bituminous coals having 
an ash content of 26 wt.% showed that the coals can be cleaned by single stage gas 
agglomeration to produce a product with 6 to 10 wt.% ash while achieving a recovery 
of 75 to 91%. This can be accomplished by saturating water with air under a pressure 
of 136 to 205 kPa (5 to 15 psig) and adding 1.0 v/w% or less i-octane based on the 
weight of coal. Higher coal recoveries can be achieved by accepting a higher product ash 
content. 
Single stage agglomeration was able to treat solids concentrations up to 9 w/w% 
successfully but the product ash content increased with increasing solids concentration. 
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Based on a statistical analysis of a 2^ factorial experimental design, low solids con­
centration, high oil concentration and high gas concentration led to a high coal recovery 
(86.9%), good ash rejection (81.2%), and the lowest product ash content (6.92%). A 
high solids concentration, low oil concentration, and high gas concentration resulted in 
the best coal recovery (90.6%), but the coal product had a higher ash content (11.3%). 
3. Two stage process for treating concentrated suspensions 
A comparison of one stage and two stage agglomeration test results showed that after 
a two stage treatment, the ash content of the coal product was considerably lower than 
after a one stage treatment. However, the coal recovery from a two stage treatment was 
slightly lower than that from a one stage treatment. For instance, when Upper Freeport 
coal having an initial ash content of 33.0 wt.% was treated by a two stage process, the 
ash content was reduced to 6.3 wt.% while achieving an overall coal recovery of 82.0 %. 
However, when the same coal was treated by a single stage process, the ash content was 
reduced to 10.4 wt.% while achieving a recovery of 88.7%. 
14.2 Recommendations for future work 
More consideration should be given to the effects of geis concentration and oil con­
centration on the gas agglomeration process. 
In order to develop the agglomeration process further, more study should be given 
to the structure of the agglomerates and the mechanism of agglomeration. This will 
require measuring the size of the microbubbles and stabilizing the agglomerates so that 
they can be examined carefully. 
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CHAPTER 15 GENERAL CONCLUSIONS 
This dissertation includes two parts: Part I describes the development and scale-up 
of a gas-promoted oil agglomeration process for coal cleaning, while Part II describes 
the development and demonstration of a gas agglomeration process for coal cleaning. 
In Part I, after a thorough study of a gas-promoted oil agglomeration process was 
carried out, the fundamental nature and basic characteristics of the process are better 
understood, and several tentative conclusions have been reached. Gas bubbles trigger the 
process of oil agglomeration and participate in a very complex mechanism which involves 
interactions between solid particles, oil droplets, and gas bubbles all suspended in water 
under vigorous turbulent conditions. The process seems to take place in stages involving 
emulsification of oil and gas, floe formation involving oil or air bridges, compaction of 
irregular aggregates, and stabilization of agglomerates by compaction and breakage. 
With prolonged agitation, agglomerates are compacted, and given sufficient oil, the 
agglomerates combine to form larger framboidal agglomerates or clusters. 
Several useful correlations were obtained between the minimum agglomeration time 
(ts) or the average agglomerate size ( dp) and the particular system parrameters for 
both Pittsburgh coal and Upper Freeport coal. In general, the minimum agglomera­
tion time (is) was affected much more by oil concentration or the power input per unit 
volume than by solids concentration or air concentration for the given range of experi­
mental conditions. The agglomerate size was greatly influenced by oil concentration, the 
power input per imit volume, and solids concentration. Oil concentration was impor­
tant because oil bridges held the agglomerates together. Agitator power had to overcome 
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the energy barrier preventing particle agglomeration. Gas bubbles seemed to play an 
important role at the start of the agglomeration process. 
It appears that the size scale up of an agglomeration system should be based on ts 
rather than dp. The analysis suggests that the appropriate scale-up rule to follow is to 
maintain geometric similarity and to hold P/V constant. 
In Part II, the mechanism of gas agglomeration is explained, and it seems to involve 
the colloidal dispersion of microscopic gas bubbles which are stabilized by a hydrocarbon 
film and the subsequent interaction of the microbubbles with coal particles to form small 
spherical agglomerates which are held together by the microbubbles. 
A gas agglomeration process is reversible and agglomerates can be destroyed and 
reformed by simply raising or lowering the system pressure. This phenomenon can be 
utilized for a multistage agglomeration process. Both one and two stage processes were 
demonstrated and shown to be technically feasible. 
Numerous agglomeration tests with moderately hydrophobic bituminous coals having 
an ash content of 26 wt.% showed that the coals can be cleaned by single stage gas 
agglomeration to produce a product with 6 to 10 wt.% ash while achieving a recovery of 
75 to 91%. This was accomplished by saturating water with air under a pressure of 136 
to 205 kPa (5 to 15 psig) and adding 1.0 v/w% or less i-octane based on the weight of 
coal. Higher coal recoveries were achieved by accepting a higher product ash content. 
The results of one stage and two stage agglomeration tests showed that a cleaner 
coal product can be achieved by using a two stage process while the decrease in coal 
recovery is small. 
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APPENDIX A THE EXPERIMENTAL CONDITIONS AND 
RESULTS FOR PRINCIPAL OIL AGGLOMERATION 
TESTS 
Table A.l The ex])eriinental conditions and results for principal agglomer­
ation runs with Pittsburgh No. 8 coal by i-octane 
Test D" rpb N' Solids'' oil" Air^ T ime^ 5* d' dL 4 Ash"* Rec." Rej.° 
No. cm cm rpm w/w% v/w% v/w% mill. W/1 m/s mm mm min. cont.% % % 
90 5.08 15.24 1800 30 30 9 30 12.33 4.79 0.1 - 0.2 0.15 19 17.2 88.3 48.5 
91 7.55 15.24 1063 30 30 9 30 25.33 4.20 0.1 - 0.2 0.20 6 12.3 96.8 63.1 
92 6.35 15.24 1440 30 30 9 30 23.97 4.79 0.1 - 0.25 0.21 6 12.3 97.0 62.9 
93 5.08 15.24 2089 30 30 9 30 18.72 5.56 0.1 - 0.2 0.20 6 16.9 94.9 48.5 
94 6.35 15.24 1440 30 30 9 30 23.60 4.79 0.1 - 0.25 0.21 6 16.0 97.8 50.6 
95 7.55 15.24 1200 30 30 9 20 37.03 4.74 0.1 - 0.2 0.15 3 13.6 97.2 58.5 
100 3.65 11.43 1700 20 30 9 60 6.10 3.25 0.05 - 0.17 0.13 37 11.7 95.6 64.7 
101 5.08 15.24 1300 20 30 9 60 4.60 3.46 0.04 - 0.18 0.12 51 14.5 96.6 54.0 
102 3.65 11.43 2020 20 30 9 60 9.86 3.86 0.1 - 0.2 0.17 13 9.0 97.1 72.4 
103 5.08 15.24 1900 20 30 9 60 13.49 5.05 0.12 - 0.22 0.17 11 9.3 96.9 71.8 
104 5.08 15.24 1550 20 30 9 60 7.14 4.12 0.1 - 0.2 0.16 18 10.1 97.1 67.8 
105 3.65 11.43 2400 20 30 9 60 13.90 4.59 0.11 - 0.22 0.18 9 8.5 96.8 74.1 
106 7.55 24 1000 20 30 9 45 5.39 3.95 0.1 - 0.2 0.15 31 14.3 96.8 56.0 
107 7.55 24 1150 20 30 9 45 8.05 4.55 0.08 - 0.2 0.15 15 12.0 97.0 63.5 
108 5.08 15.24 1550 20 30 9 60 7.64 4.12 0.11-0.27 0.20 18.5 8.2 96.8 74.3 
109 3.65 11.43 1850 20 30 9 60 7.54 3.54 0.12-0.22 0.18 17 7.9 95.9 76.5 
110 3.65 7.62 1550 30 30 9 45 14.48 2.96 Breakage - 37 12.6 93.9 61.8 
111 7.55 15.24 1000 30 30 9 45 20.40 3.95 0.14-0.3 0.22 7 10.0 97.5 69.7 
112 7.55 15.24 1150 30 30 9 45 33.26 4.55 0.2-0.3 0.30 4 8.4 97.3 74.5 
113 3.65 7.62 2000 30 30 9 45 26.85 3.82 0.07-0.2 0.17 15 7.1 95.0 79.0 
114 7.55 15.24 900 30 30 9 45 15.51 3.56 0.15-0.31 0.23 10 9.9 97.3 69.3 
115 3.65 7.62 1700 30 30 9 45 18.22 3.25 0.1-0.3 0.19 24 7.0 94.4 79.5 
116 3.65 7.62 1550 40 30 9 60 15.17 2.96 0.05-0.5 0.25 39 10.1 91.9 69.6 
117 3.65 7.62 1700 35 30 9 60 18.65 3.25 0.1-5 0.51 22 8.5 92.2 83.4 
118 3.65 7.62 2000 40 30 9 60 27.28 3.82 0.2-0.8 0.31 6 10.7 91.7 67.6 
Table A.l (Continued) 
Test D" rjyf) N" Solids'^ oil' Air^ Time^ 5* d? d'' 
"•ave Ash*" Rec." Rej." 
No. cm cm rpm w/w% v/w% v/w% min. W/1 m/s mm mm min. cont.% % % 
119 3.65 7.62 2000 35 30 9 60 28.29 3.82 0.1 - 1.1 0.33 13 8.0 92.7 62.2 
120 3.65 7.62 1550 35 30 9 60 13.24 2.96 0.1 - 0.4 0.21 31 9.3 92.6 74.6 
121 3.65 7.62 1700 40 30 9 60 19.41 3.25 0.1 - 0.6 0.29 15 8.7 82.8 75.0 
126 3.65 7.62 1700 30 30 9 60 20.63 3.25 3 - 4  3.50 16 8.0 96.2 75.8 
127 3.65 7.62 1700 35 30 9 60 19.38 3.25 0.5-6 3.20 26 8.8 96.5 73.4 
128 3.65 7.62 1700 40 30 9 60 15.41 3.25 floes - 11 6.5 93.8 79.9 
129 3.65 7.62 1550 20 30 9 60 15.12 2.96 0.14 - 0.56 0.36 16 4.0 93.4 90.9 
131 3.65 7.62 2000 35 20 9 120 25.01 3.82 0.02 - 0.1 0.05 28 11.6 85.1 69.1 
132 3.65 7.62 2000 30 20 9 60 27.22 3.82 0.02 - 0.1 0.05 22 10.1 80.1 73.4 
133 3.65 7.62 1700 40 20 9 60 14.01 3.25 0.02-0.1 0.04 55 23.3 41.1 66.5 
134 3.65 7.62 1700 20 30 9 60 19.39 3.25 0.1 - 0.6 0.20 11 7.2 94.0 78.6 
135 3.65 7.62 1700 35 20 9 60 16.82 3.25 0.01 - 0.16 0.05 112 13.9 82.0 64.8 
136 3.65 7.62 2000 40 20 9 60 23.35 3.82 0.05-0.1 0.07 26 16.4 83.6 55.6 
137 3.65 7.62 2000 20 30 9 60 25.93 3.82 0.1 - 0.6 0.17 5 7.1 93.5 79.2 
138 3.65 7.62 1550 30 20 9 70 12.35 2.96 0.03 - 0.1 0.04 55 9.8 77.5 77.3 
139 3.65 7.62 1550 40 20 9 154.5 12.35 2.96 0.02 - 0.1 0.03 97 26.3 88.5 16.1 
140 3.65 7.62 1700 30 20 9 70 17.52 3.25 0.02 - 0.1 0.04 53 16.5 72.7 61.1 
141 3.65 7.62 1700 35 30 9 60 18.69 3.25 0.1 - 1.3 0.31 25 10.7 94.2 69.1 
142 3.65 7.62 2000 30 30 9 45 30.16 3.82 0.5-4 2.50 7 10.7 93.7 70.9 
143 3.65 7.62 1550 30 30 9 45 14.91 2.96 0.1 - 0.28 0.15 31.5 7.1 93.7 79.0 
144 3.65 7.62 1550 35 30 9 60 13.20 2.96 0.2 - 0.3 0.21 30 8.5 94.5 75.7 
145 3.65 7.62 1700 20 30 9 60 19.85 3.25 0.1 - 0.45 0.18 11 7.2 95.1 78.3 
146 3.65 7.62 2000 35 30 9 60 26.66 3.82 0.2 - 0.8 0.57 11 8.2 92.9 75.5 
147 3.65 7.62 1700 30 30 9 45 19.39 3.25 0.1 - 0.4 0.18 17 7.3 95.3 79.4 
148 3.65 7.62 2400 40 20 9 60 36.20 4.59 0.1-0.3 0.16 15 8.7 89.3 75.6 
149 3.65 7.62 2400 35 20 9 60 40.17 4.59 0.08 - 0.5 0.11 9 7.3 94.1 78.6 
Table A.l (Continued) 
Test D" yyc Solids'' oil" Air^ Time® 5' dL 4 Ash"* Rec." Rfij." 
No. cm cm rpm w/w% v/w% v/w% min. W/1 m/s mm mm min. cont.% % % 
150 3.65 7.62 2400 30 20 9 60 39.73 4.59 0.06 - 0.5 0.18 6 7.5 93.3 79.9 
151 3.65 7.62 2400 20 20 9 60 42.60 4.59 0.1 - 0.6 0.18 10 6.4 90.4 81.8 
152 3.65 7.62 2000 20 30 9 60 26.30 3.82 0.1 - 1.1 0.26 11 7.0 95.1 78.7 
153 3.65 7.62 2400 30 30 9 60 46.58 4.59 0.3 - 0.4 0.36 2 7.4 96.0 77.6 
154 3.65 7.62 2000 20 20 9 60 25.19 3.82 0.04 - 0.1 0.05 19 6.5 30.2 94.0 
155 3.65 7.62 1700 25 30 9 60 18.22 3.25 2.5-4 2.50 10 7.4 96.0 78.0 
156 3.65 7.62 2400 40 30 9 60 51.66 4.59 1 - 2 1.20 6.2 10.7 92.6 67.5 
157 3.65 7.62 1550 20 20 9 60 12.14 2.96 0.03 - 0.15 0.06 31 6.5 41.1 91.6 
158 3.65 7.62 1550 20 30 9 60 12.78 2.96 0.1 - 0.6 0.17 15 7.2 94.8 80.1 
159 3.65 7.62 2000 25 30 9 60 28.51 3.82 0.2 - 0.5 0.30 8 7.5 94.6 77.3 
160 3.65 7.62 1700 20 20 9 60 17.05 3.25 0.03 - 0.1 0.05 25 5.8 10.8 98.0 
161 3.65 7.62 1550 25 30 9 60 14.27 2.96 0.05 - 0.4 0.18 11 7.3 95.1 78.8 
162 3.65 7.62 2400 35 30 9 60 33.32 4.59 0.15- 1 0.32 6 7.7 88.2 79.9 
163 3.65 7.62 1700 30 20 4.5 60 15.88 3.25 0.03 - 0.1 0.06 37 9.1 73.8 79.0 
164 3.65 7.62 1550 20 20 18 60 12.99 2.96 0.05 - 0.15 0.07 17 6.8 75.3 84.5 
165 3.65 7.62 2000 30 30 4.5 60 28.14 3.82 3 - 4  3.00 7.5 7.9 96.8 68.7 
166 3.65 7.62 2000 30 20 18 60 24.27 3.82 0.05 - 0.3 0.13 15 6.8 87.8 81.3 
167 3.65 7.62 1700 30 30 18 60 16.35 3.25 0.1 - 4 2.00 11 8.3 96.1 74.8 
168 3.65 7.62 1550 30 25 9 60 12.35 2.96 0.1 - 0.22 0.11 31 7.8 94.7 78.5 
169 3.65 7.62 1700 30 20 18 60 15.88 3.25 0.03 - 0.15 0.06 19 7.4 87.7 80.0 
170 3.65 7.62 1550 30 20 18 60 11.92 2.96 0.03 - 0.15 0.04 35 13.6 88.1 63.3 
171 3.65 7.62 2000 20 20 18 60 25.74 3.82 0.05 - 0.15 0.12 6 6.4 83.8 83.1 
172 3.65 7.62 1550 30 30 4.5 60 11.92 2.96 0.1 - 0.6 0.20 23 7.5 95.3 77.6 
173 3.65 7.62 2000 30 30 18 60 26.30 3.82 0.1 - 0.6 0.23 4.5 7.5 91.5 82.8 
174 3.65 7.62 1700 30 25 9 60 15.88 3.25 0.1 - 0.22 0.22 15 7.2 94.9 79.8 
175 3.65 7.62 2000 30 20 4.5 60 26.48 3.82 0.03 - 0.1 0.05 17 6.4 77.5 85.5 
176 3.65 7.62 1700 20 20 18 60 16.82 3.25 0.03 - 0.13 0.05 13 6.0 53.3 90.1 
Table A.l (Continued) 
Test 
No. 
D" 
cm 
rpb 
cm rpm 
Solids'' 
w/w% 
oil® 
v/w% 
Air^ 
v/w% 
TtmeS 
min. W/l 
S' 
m/s mm 
dL 
mm 
tE 
min. 
Ash*" 
cont.% 
Rec.'' 
% 
Rej." 
% 
177 3.65 7.62 1550 30 30 18 60 12.78 2.96 0.1 - 0.9 0.18 14 6.1 93.1 85.7 
178 3.65 7.62 2000 30 25 9 60 25.74 3.82 0.1 - 0.6 0.21 8 7.1 95.3 79.0 
179 3.65 7.62 1700 30 30 4.5 60 16.82 3.25 0.1 - 1 0.22 19 8.0 95.3 77.2 
188 3.65 7.62 1550 30 30 9 45 15.33 2.96 0.2 - 0.35 0.22 23 5.9 77.5 55.7 
189 3.65 7.62 1700 30 30 9 45 18.69 3.25 1 - 4 2.50 13 8.3 96.6 75.1 
190 3.65 7.62 2000 40 30 9 60 19.78 3.82 0.8-1.5 1.00 17 7.6 85.3 80.7 
191 3.65 7.62 1700 35 20 9 100 14.95 3.25 0.1 - 0.12 0.05 79 17.3 85.5 48.5 
192 3.65 7.62 1700 30 20 9 60 15.88 3.25 0.03 - 0.15 0.05 21 8.7 91.7 74.6 
193 3.65 7.62 1550 35 30 9 60 13.20 2.96 0.5- 5 2.00 28 8.6 95.8 73.7 
196 3.65 7.62 2000 30 30 4.5 60 30.53 3.82 1 - 2.2 1.50 5.5 7.7 94.4 77.3 
197 3.65 7.62 2000 30 20 4.5 60 26.11 3.82 0.04-0.11 0.06 13.5 9.0 91.7 73.4 
198 3.65 7.62 2000 35 30 9 60 25.74 3.82 3.5 - 4.5 4.00 13 8.1 96.2 76.7 
199 3.65 7.62 2400 30 30 9 60 50.34 4.59 0.25 - 0.5 0.41 2.3 7.6 95.8 76.8 
200 3.65 7.62 1550 35 20 9 60 13.20 2.96 0.02 - 0.12 0.06 163 17.7 92.4 43.1 
201 3.65 11.43 2020 20 30 9 60 8.93 3.86 0.1 - 0.25 0.18 17 7.8 96.5 78.6 
202 3.65 11.43 1850 20 30 9 60 7.19 3.54 0.1 - 0.2 0.15 17 7.5 96.2 78.0 
203 5.08 15.24 1300 20 30 9 60 4.59 3.46 0.1 - 0.25 0.16 33 8.2 96.6 76.6 
204 5.08 15.24 1550 35 30 9 60 7.29 4.12 0.1 - 0.25 0.12 48.5 17.2 95.5 46.4 
205 7.55 24 1000 20 30 9 45 5.55 3.95 0.1 - 0.25 0.14 25 8.3 96.1 76.3 
208 3.65 7.62 2000 30 15 9 60 25.74 3.82 0.03 - 0.08 0.04 13.4 9.2 54.3 83.8 
209 3.65 7.62 2000 30 25 9 60 29.06 3.82 0.03-0.11 0.21 9 7.7 96.6 76.7 
210 3.65 7.62 2000 30 35 9 60 27.03 3.82 0.02 - 0.1 1.50 6 7.6 96.5 77.0 
236 7.55 24 1000 30 30 9 60 5.65 3.95 0.1 - 0.4 0.11 19 11.9 97.2 65.1 
237 5.08 11.43 1700 30 30 9 60 23.08 4.52 0.2 - 0.5 0.34 4 7.9 97.0 77.6 
238 5.08 11.43 2000 30 30 4.5 60 41.54 5.32 0.25 - 0.46 0.37 3.2 6.5 97.5 80.0 
239 7.55 24 1150 30 30 9 60 8.94 4.55 0.15-0.4 0.28 11 8.5 97.3 76.7 
240 5.08 11.43 1700 30 30 18 60 23.62 4.52 0.2 - 0.5 0.36 5 8.1 96.9 77.3 
Table A.l (Continued) 
Test D" N" Solids" oil" Air^ Time^ 5' dL 4 Ash*" Rec." Rej." 
No. cm cm rpm w/w% v/w% v/w% min. W/1 m/s nun mm min. cont.% % % 
241 5.08 11.43 1550 25 30 4.5 60 17.30 4.12 0.15-0.3 0.18 8.5 8.9 96.0 73.2 
242 5.08 11.43 1700 30 25 9 60 24.08 4.52 0.2 - 0.3 0.21 5.5 8.1 96.6 77.2 
243 5.08 11.43 1700 30 25 4.5 60 24.72 4.52 0.15-0.3 0.20 7.5 8.4 96.0 76.2 
244 5.08 11.43 2000 30 30 9 60 40.03 5.32 
d
 
d
 0.48 2.5 8.5 97.0 75.7 
245 5.08 11.43 1700 30 25 18 60 22.44 4.52 0.2 - 0.4 0.15 11 7.8 96.8 78.4 
246 5.08 11.43 2000 30 25 4.5 60 39.71 5.32 0.1 - 0.25 0.18 5.5 8.8 96.2 75.4 
247 5.08 11.43 2000 30 30 18 60 37.46 5.32 0.2 - 0.5 0.32 3 7.9 97.2 77.6 
248 5.08 11.43 2000 30 25 9 60 39.39 5.32 P
 1 P
 
0.22 3.5 8.5 96.9 76.2 
249 5.08 11.43 2000 30 30 4.5 60 38.85 5.32 0.25 - 0.5 0.47 4 8.8 91.3 97.4 
250 5.08 11.43 1700 30 30 4.5 60 23.99 4.52 0.2 - 0.5 0.31 6 8.7 97.3 75.0 
254 5.08 11.43 2000 30 30 18 60 35.95 5.32 0.2 - 0.6 0.33 3 7.7 97.2 78.1 
270 7.55 24 1200 30 30 9 60 7.88 4.74 0.15-4 0.28 13 7.6 97.2 78.4 
271 7.55 24 1400 30 30 9 60 13.70 5.53 
d
 1 
d
 0.30 7 8.4 97.3 74.3 
272 3.65 11.43 2200 30 30 9 60 11.74 4.20 0.1 - 0.4 0.24 10 7.4 96.2 78.9 
273 3.65 11.43 2400 30 30 9 60 14.16 4.59 0.15 - 0.32 0.25 8 7.8 96.4 77.8 
274 5.08 15.24 2000 30 30 9 60 15.85 5.32 0.2 - 0.35 0.27 5.5 8.2 97.0 76.4 
275 7.55 24 1000 30 30 9 60 4.34 3.95 0.1 - 0.3 0.19 23 10.8 95.8 70.8 
276 3.65 11.43 2000 30 30 9 60 8.15 3.82 0.1 - 0.3 0.23 15.5 7.6 96.1 77.5 
277 5.08 15.24 1700 30 30 9 60 9.54 4.52 0.1 - 0.4 0.25 11 7.5 97.1 75.5 
278 5.08 15.24 2200 30 30 9 60 22.07 5.85 0.1 - 0.4 0.28 5 7.4 97.1 77.6 
279 5.08 15.24 1550 30 30 9 60 6.95 4.12 0.1 - 0.32 0.23 18 8.0 96.7 76.8 
280 5.08 15.24 2400 30 30 9 60 28.07 6.38 0.2 - 0.4 0.33 3.5 8.4 97.3 75.1 
281 5.08 15.24 1700 30 30 9 60 9.58 4.52 0.2 - 0.4 0.26 9 8.8 96.5 72.1 
289 3.65 11.43 2200 30 20 9 60 10.62 4.20 0.03 - 0.1 0.06 13 - - -
290 5.08 15.24 2400 35 30 9 60 28.07 6.38 0.2 - 0.4 0.29 4.5 - - -
291 3.65 11.43 2200 30 30 4.5 60 10.62 4.20 0.01 - 0.2 0.15 13 - - -
292 5.08 15.24 2200 30 35 9 60 21.58 5.85 2 - 3  - 9 - - -
293 5.08 15.24 2400 30 30 4.5 60 27.86 6.38 0.1 - 0.3 0.26 3.6 - - -
Table A.l (Continued) 
Test D" rpt Nc Solids'* oil' Air' Time® S' d^ d * Uave Ash*" Rec." Rej." 
No. cm cm rpm w/w% v/w% v/w% min. W/l m/s mm mm min. cont.% % % 
296 3.65 11.43 2400 30 30 4.5 60 13.64 4.59 0.15-0.3 0.23 15.8 - - -
297 5.08 15.24 1700 30 20 9 60 8.98 4.52 0.02 - 0.12 0.07 13.5 - - -
298 3.65 11.43 2400 30 20 9 60 12.48 4.59 0.01 - 0.12 0.07 10 - - -
299 3.65 11.43 2200 30 30 18 60 9.55 4.20 0.1 - 0.3 0.26 9.5 - - -
300 5.08 15.24 2400 30 20 9 60 27.49 6.38 0.01 - 0.2 0.11 6 - - -
301 3.65 11.43 2400 30 35 9 60 12.61 4.59 P
 1 P
 
0.48 6.5 - - -
302 3.65 11.43 2200 30 35 9 60 9.38 4.20 0.1 - 0.6 0.53 9 - - -
303 5.08 15.24 1700 30 30 18 60 9.32 4.52 0.1 - 0.3 0.28 9 - - -
304 5.08 15.24 2400 30 30 18 60 28.50 6.38 p
 1 P
 
0.30 4 - - -
305 5.08 15.24 1700 30 30 4.5 60 9.09 4.52 0.1 - 0.3 0.23 12.5 - - -
306 5.08 15.24 1700 30 35 9 60 9.73 4.52 0.1 - 0.3 0.27 11 - - -
307 3.65 11.43 2400 30 30 18 60 11.65 4.59 0.1 - 0.3 0.25 8.1 - - -
312 5.08 15.24 2400 30 20 9 60 27.27 6.38 0.1 - 0.3 - 11 - - -
313 5.08 15.24 2400 30 30 18 60 27.59 6.38 0.1 - 0.3 - 8.2 - - -
'impeller dUmeter 
''Tank diameter 
Agitation speed 
''Solids concentration on dry basis 
'Oil concentration on weight of dry coal 
'^air concentration on weight of dry coal 
^Total agitation time 
^ Power input per volume 
'Tip speed 
^The size range of agglomerates 
*The average size of agglomerates 
'The minimum agglomeration time to make spherical agglomerates 
'"Ash content of coal product 
"Coal recovery on a dry, ash-free basis 
"Ash rejection 
Table A.2 The experimental conditions and results for principal agglomer­
ation runs with Upper Freeport coal by i-octane 
Test D" yb N'= Solids'' oil' Air^ Times 5' d'' **ave t's Ash"* Rec." Rej." 
No. cm cm rpm w/w% v/w% v/w% min. W/1 m/s mm mm min. cont.% % % 
180 3.65 7.62 2000 20 20 9 60 25.01 3.82 0.02 - 0.08 0.04 45 - -
181 3.65 7.62 2000 30 30 9 60 26.48 3.82 1.2 - 4.3 9.4 96.8 69.8 
182 3.65 7.62 2000 20 30 9 60 26.11 3.82 1 - 2 - 5 8.6 94.9 72.9 
183 3.65 7.62 1700 30 20 4.5 60 17.03 3.25 0.03 - 0.1 - 90 20.3 65.8 51.1 
184 3.65 7.62 1700 30 30 9 60 16.82 3.25 1 - 2 - 7 8.9 96.5 72.2 
185 3.65 7.62 1700 20 30 9 60 17.05 3.25 0.5-2.5 - 4 8.7 95.5 73.0 
186 3.65 7.62 1550 30 30 9 60 12.78 2.96 1 - 3.5 - 9 9.1 96.0 71.7 
187 3.65 7.62 1550 20 30 9 60 103.96 2.96 0.05 - 0.3 - 5 8.4 92.2 75.2 
206 3.65 7.62 2000 30 20 9 70 99.77 3.82 0.03 - 0.08 0.05 51 - - -
207 3.65 7.62 2000 30 20 18 60 25.93 3.82 0.03-0.11 0.06 16 10.1 61.7 79.4 
220 3.65 7.62 2200 30 20 4.5 60 32.17 4.20 0.01 - 0.1 0.05 32 - - -
221 3.65 7.62 2200 30 20 18 60 22.37 4.20 0.01 - 0.07 0.05 15 - - -
222 3.65 7.62 2400 30 20 18 60 29.12 4.59 0.01 - 0.06 0.04 9 - - -
223 3.65 7.62 2000 30 10 18 60 22.81 3.82 0.01 - 0.07 0.02 53 - - -
224 3.65 7.62 2400 30 10 40 60 30.89 4.59 0.01 - 0.1 0.02 31 - - -
225 3.65 7.62 2000 30 25 9 90 26.48 3.82 0.05 - 0.7 0.13 5 9.6 93.3 72.1 
226 3.65 7.62 1700 30 25 9 60 16.35 3.25 0.05 - 0.5 0.10 6 9.4 94.6 72.2 
227 3.65 7.62 1550 30 25 9 60 12.99 2.96 0.05 - 0.35 0.11 11 9.3 95.2 72.4 
Table A.2 (Continued) 
Test D" rjib l^c Solids'' oil' Air^ Time® S' d' dL 4 Ash"" Rec." Rfij." 
No. cm cm rpm w/w% v/w% v/w% min. W/1 m/s mm mm min. cont.% % % 
228 3.65 11.43 1700 30 30 9 60 5.38 3.25 0.15 - 0.31 0.23 15 11.8 94.7 65.8 
229 5.08 15.24 1700 30 30 9 60 9.77 4.52 0.12 - 0.24 0.26 5 11.4 97.2 64.8 
230 3.65 11.43 2400 30 30 9 60 12.68 4.59 0.15 - 0.25 0.18 3 12.2 94.9 61.5 
231 3.65 11.43 2000 30 30 9 60 7.45 3.82 0.1 - 0.3 0.17 6 9.8 96.1 70.5 
232 5.08 15.24 2000 30 30 9 60 15.40 5.32 0.15 - 0.25 0.25 3.5 10.0 97.2 69.5 
233 5.08 15.24 1550 30 30 9 60 6.95 4.12 0.15 - 0.30 0.22 8.6 11.8 97.1 62.2 
234 7.55 24 1000 30 25 9 60 5.68 3.95 0.06 - 0.13 0.10 15 18.2 97.0 39.3 
235 7.55 24 1150 30 25 9 52.2 8.71 4.55 0.1 - 0.22 0.07 8 13.1 96.5 59.2 
252 3.65 11.43 1700 30 30 4.5 60 4.83 3.25 0.1 - 0.3 0.20 15 10.3 94.0 69.5 
253 3.65 11.43 1550 30 30 4.5 120 4.57 2.96 P
 
o
 
0.11 111 9.3 95.2 72.3 
255 3.65 11.43 2000 25 30 4.5 60 7.93 3.82 0.1 - 0.2 0.13 16 9.2 94.7 72.4 
257 3.65 11.43 1700 25 30 18 60 5.24 3.25 0.1 - 0.3 0.16 10 8.6 95.2 74.3 
258 3.65 11.43 1700 30 30 4.5 60 5.19 3.25 0.05 - 0.2 0.10 39 11.2 94.9 65.7 
259 3.65 11.43 1550 30 30 18 60 3.99 2.96 0.1 - 0.3 0.18 22 16.4 94.5 47.5 
260 3.65 11.43 1700 25 30 4.5 60 5.83 3.25 0.1 - 0.2 0.14 27 9.2 95.5 72.4 
261 3.65 11.43 2000 25 30 18 60 8.04 3.82 0.1 - 0.2 0.17 5.5 8.6 95.4 74.4 
262 3.65 11.43 2000 30 30 18 60 7.29 3.82 0.15 - 0.3 0.24 5 8.4 93.1 76.1 
263 3.65 11.43 2000 30 30 4.5 60 7.72 3.82 0.1 - 0.3 0.19 9 9.0 94.7 74.1 
264 3.65 11.43 1550 25 30 18 60 4.15 2.96 0.1 - 0.3 0.16 12 8.4 95.1 75.6 
Table A.2 (Continued) 
Test D" rp6 Nc Solids'' oil' Air'^ Time® S' d^ d * **ave ts' Ash"* Rec." Rej." 
No. cm cm rpm w/w% v/w% v/w% min. W/l m/s mm mm min. cont.% % % 
265 3.65 11.43 1550 25 30 4.5 60 4.57 2.96 0.06 - 0.15 0.11 40 8.0 93.9 77.6 
251 5.08 11.43 1550 30 30 4.5 60 17.05 4.12 P
 
to
 1 o
 
0.21 9.5 9.9 96.1 70.0 
256 3.65 11.43 1700 25 30 22 60 4.92 3.25 0.1 - 0.32 0.13 10 8.6 94.9 75.1 
268 7.55 24 1200 30 30 9 60 7.80 4.74 0.06 - 0.22 0.17 13 9.3 96.5 72.2 
267 7.55 24 1500 30 30 9 20 15.93 5.93 0.1 - 0.2 - 5 10.2 96.6 68.2 
269 7.55 24 1000 30 30 9 60 4.62 3.95 0.1 - 0.22 0.16 27 10.4 96.3 69.0 
266 5.08 15.24 1700 30 30 9 60 9.99 4.52 0.08 - 0.15 - 9.5 8.7 90.1 66.8 
282 5.08 15.24 2000 30 30 9 60 15.62 5.32 0.2 - 0.4 0.17 6 9.7 97.2 70.4 
283 3.65 11.43 1700 30 30 9 60 5.19 3.25 0.1 - 0.2 0.17 20 9.4 97.9 73.4 
284 5.08 15.24 2200 30 30 9 60 22.56 5.85 0.1 - 0.3 0.23 4 9.9 96.7 70.4 
"Impeller diameter 
''Tank diameter 
'^Agitation speed 
''Solids concentration on dry basis 
'Oil concentration on weight of dry coal 
^air concentration on weight of dry coal 
'Total agitation time 
^Power input per volume 
•Tip speed 
-'The size range of agglomerates 
''The average size of agglomerates 
'The minimum agglomeration time to make spherical agglomerates 
"'Ash content of coal product 
"Coal recovery on a dry, ash-free basis 
"Ash rejection 
Table A.3 The agglomeration conditions and results for Pittsburgh No. 8 
coal and Upper Freeport coal by hexadecane 
Test Coal type D" rp6 N= Solids'' oil' Air-f Time' S' dJ d * ts' 
No. cm cm rpm w/w% v/w% v/w% min. W/l m/s mm mm min. 
308 Pittsburgh coal 3.65 11.43 2200 30 30 9 60 7.43 4.20 0.12 - 0.4 0.31 12.2 
309 Pittsburgh coal 5.08 15.2 2400 30 30 9 60 26.05 6.38 1 
d
 0.87 3 
310 Pittsburgh coal 5.08 15.2 1700 30 30 9 60 8.87 4.52 0.15 - 0.47 0.32 12 
311 Pittsburgh coal 3.65 11.43 2400 30 30 9 60 10.16 4.59 0.2 - 0.46 0.35 9 
314 Upper Freeport coal 3.65 11.43 2200 30 30 9 60 9.20 4.20 0.05 - 0.1 _ 27 
315 Upper Freeport coal 5.08 15.2 2000 30 30 9 60 14.29 5.32 0.05 - 0.15 - 14 
316 Upper Freeport coal 5.08 15.2 2200 30 30 9 60 19.14 5.85 0.06 - 0.2 - 10.5 
317 Upper Freeport coal 3.65 11.43 2400 30 30 9 60 11.58 4.59 0.08 - 0.15 - 20 
318 Upper Freeport coal 5.08 15.2 2400 30 30 9 60 24.88 6.38 0.1 - 0.22 - 8 
319 Upper Freeport coal 3.65 11.43 2000 30 30 9 60 6.86 3.82 0.03 - 0.1 - 33 
"Impeller diameter 
''Tank diameter 
'^Agitation speed 
''Solids concentration on dry basis 
'Oil concentration on weight of dry coal 
-'air concentration on weight of dry coal 
''Total agitation time 
^Power input per volume 
•Tip speed 
-'The size range of agglomerates 
''The average size of agglomerates 
'The minimum agglomeration time to make spherical agglomerates 
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APPENDIX B THE CONDITIONS AND RESULTS FOR 
GAS AGGLOMERATION 
Table B.l Experiniental conditions for the single stage agglomeration runs 
Test Tank, Impeller, Solids, i-octane. Presure, Speed, Time, Gas Coal PH Separation 
No. cm cm w/w % v/w % psig rpm min. type method 
99 11.43 3.65 4 2.5 15 2000 10 air UPF" Natural skimming 
100 11.43 3.65 3 5 15 2000 30 air UPF Natural skimming 
101 11.43 3.65 4 5 15 2000 30 air UPF Natural skimming 
102 11.43 3.65 3 2.5 15 2000 30 air UPF Natural skimming 
103 11.43 3.65 3 1 15 2000 30 air UPF Natural skimming 
105 11.43 3.65 5 2.5 15 2000 30 air UPF Natural skimming 
107 11.43 3.65 3 0.5 15 2000 30 air UPF Natural skimming 
109 11.43 3.65 3 2.5 15 2000 30 air UPF Natural skimming 
110 11.43 3.65 3 2.5 5 2000 30 C02 UPF Natural skimming 
111 11.43 3.65 3 2.5 2 2000 30 C02 UPF Natural chamber 
126 11.43 3.65 5 0.5 5 2000 30 air UPF 10 chamber 
127 11.43 3.65 5 1 15 2000 30 air UPF 10 chamber 
128 11.43 3.65 5 0.5 15 2000 30 air UPF 10 chamber 
129 11.43 3.65 5 0.5 15 2000 30 air UPF 10 chamber 
130 11.43 3.65 5 1 5 2000 30 air Pitts'* 10 chamber 
131 11.43 3.65 3 0.5 5 2000 30 air UPF 10 chamber 
132 11.43 3.65 5 1 15 2000 30 air pitts 10 chamber 
133 11.43 3.65 5 1 15 2000 30 air pitts Natural chamber 
134 11.43 3.65 3 1 15 2000 30 air UPF 10 chamber 
135 11.43 3.65 5 1 5 2000 30 air UPF 10 chamber 
136 11.43 3.65 3 1 5 2000 30 air UPF 10 chamber 
Table B.l (Continued) 
Test Tank, Impeller, Solids, i-octane. Presure, Speed, Time, Gas Coal pH Separation 
No. cm cm w/w % v/w % psig rpm min. type method 
137 11.43 3.65 5 0.5 15 2000 30 air UPF " 10 chamber 
138 11.43 3.65 3 0.5 15 2000 30 air UPF 10 chamber 
140 11.43 3.65 3 2.5 5 2000 10 air pitts '' Natural chamber 
141 11.43 3.65 3 0.5 5 2000 10 air pitts 10 chamber 
141a 11.43 3.65 3 0.5 5 2000 10 air pitts Natural chamber 
142 11.43 3.65 5 2.5 15 2000 10 air pitts Natural chamber 
143 11.43 3.65 3 2.5 5 2000 10 air pitts Natural chamber 
144 11.43 3.65 5 0.5 5 2000 10 air pitts Natural chamber 
145 11.43 3.65 3 0.5 15 2000 10 air pitts Natural chamber 
146 11.43 3.65 5 0.5 5 2000 10 air pitts Natural chamber 
147 11.43 3.65 3 0.5 15 2000 10 air pitts Natural chamber 
148 11.43 3.65 3 2.5 15 2000 10 air pitts Natural chamber 
149 11.43 3.65 5 0.5 15 2000 10 air pitts Natural chamber 
150 11.43 3.65 5 2.5 5 2000 10 air pitts Natural chamber 
151 11.43 3.65 3 2.5 5 2000 10 air pitts Natural chamber 
152 11.43 3.65 5 2.5 15 2000 10 air pitts Natural chamber 
153 11.43 3.65 5 1 15 2000 10 air poc*^ Natural chamber 
154 11.43 3.65 3 1 15 2000 10 air poc Natural chamber 
176 11.43 3.65 3 2 15 2000 10 air pitts 10 modified chamber 
180 11.43 3.65 3 2 15 2000 10 air UPF98'' 10 modified chamber 
181 11.43 3.65 3 2 15 2000 10 air UPF 98 10 modified chamber 
"Upper Freeport coal 
''Pittsburgh No.8 coal 
'^Pocahontas No. 3 
•'Upper Freeport coal received in 1998 
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Table B.2 The experimental results for one stage gas agglomeration runs 
Test Product Tailings Asli content Ash content Coal Ash 
No. g g of product,% of tailing,% recovery, % rejection, % 
99 19.22 14.65 19.68 33.03 61.14 56.13 
100 19.66 14.51 18.7 32.2 61.9 55.96 
101 20.43 21.2 20.3 29.9 52.28 60.45 
102 19.85 14.6 21.5 29.32 60.16 50.08 
103 24.1 11.35 23.4 27.5 69.17 35.63 
105 36.51 20.65 20.3 32.47 67.6 47.5 
107 6.51 27.96 22.9 25.61 19.44 82.77 
109 18.24 16.8 20.8 29.3 54.88 56.47 
110 25.74 11.1 19.33 36.39 74.62 44.81 
111 21 13.7 17.69 38.13 67.1 58.44 
126 36.36 19.33 10.39 55.46 79.1 73.94 
127 43.32 14.14 11.06 70.21 90.14 67.45 
128 45.14 14.42 11.3 71.19 90.6 66.81 
129 36.41 23.02 8.5 52.99 75.48 79.76 
130 35.87 23.57 5.94 57.89 77.27 86.49 
131 25.84 12.07 8.8 63.31 84.18 77.07 
132 35.62 24.74 5.32 55.61 75.44 87.89 
133 36.9 17.02 8.82 58.91 82.79 75.49 
134 25.78 11.34 6.92 68.08 86.89 81.23 
135 45.26 14.07 11.76 69.91 90.42 64.89 
136 24.96 11.36 8.65 64.02 84.8 77.11 
137 45.55 15.23 10.74 70.12 89.93 68.58 
138 25.82 12.05 8.9 61.69 83.59 76.39 
140 23.11 11.41 6.04 65.89 84.8 84.34 
141 11.9 23.54 5.76 35.92 42.64 92.5 
141a 20.46 15 6.08 49.89 71.88 85.75 
142 39 17.04 8.86 64.23 85.36 76 
143 19.23 17.11 7.62 45.25 65.47 84.09 
144 30.47 25.54 8.04 45.5 66.81 82.59 
145 21.09 15.51 6.72 49.56 71.55 84.43 
146 31.72 25.02 7.5 48.66 69.55 83.65 
147 16.42 17.68 6.97 42.66 60.11 86.83 
148 25.02 10.95 6.64 72.87 88.72 82.77 
149 24.88 31.2 7.77 41.62 55.75 87.04 
150 25.13 33.96 9.5 38.96 52.32 84.71 
151 19.9 16.19 9.25 48 68.2 80.85 
152 21.66 35.34 8.15 37.68 47.46 88.29 
153 11.62 25.82 7.2 20.66 34.49 86.44 
154 33.32 5.17 10.5 56 92.91 45.28 
176 24.6 9.5 9.2 70.9 88.99 74.85 
180 22.9 11.5 10.6 76.1 88.16 78.29 
181 23.6 11.4 10.2 77.5 89.2 78.59 
Table B.3 The experimental conditions for two stage gas agglomeration 
runs 
Test Tank, Impeller, Solids, Presure, Speed, Time, Gas Coal PH Separation Oil, ml Oil, ml 
No. cm cm % psig rpm min. type method stage I stage II 
158 1.43 3.65 3 15 2000 10 air UPF" 10 l" 0.15 0 
163 1.43 3.65 3 15 2000 10 air UPF 10 1 0.5 0.16 
164 1.43 3.65 3 15 2000 10 air UPF 10 2= 0.5 0.16 
165 1.43 3.65 3 15 2000 10 air Pitts'* 6.8 2 0.5 0.16 
166 1.43 3.65 3 15 2000 10 air UPF98' 10 2 0.5 0.16 
167 1.43 3.65 3 15 2000 10 air UPF 10 2 0.5 0.16 
175 1.43 3.65 3 15 2000 10 air UPF98 10 2 0.4 0.1 
177 1.43 3.65 3 15 2000 10 air Pitts 6.8 2 0.4 0.1 
178 1.43 3.65 3 15 2000 10 air UPF98 10 2 0.4 0.1 
179 1.43 3.65 3 15 2000 10 air UPF98 10 2 0.4 0.1 
"Upper Freeport coal 
''Chamber 
'Modified chamber by replacing the plug with a slash 
''Pittsburgh No. 8 coal 
"Upper Freeport coal received in 1998 
Table B.4 The experimental results for two stage gas agglomeration runs 
Test P2 T2 T, r, T, Coal Coal Ash Ash 
No. g g % % g % recovery, % recovery, % rejection, % rejection, % 
158 2.12 16.17 3.78 9.2 20.14 41.8 7.171 51.61 14.89 84.3 
162 19.7 4 4.2 32.26 13.5 54.7 68.14 9.783 13.58 77.71 
163 20.11 3.32 4.78 36.32 13.81 56.94 70.38 7.77 12.02 78.4 
164 17.67 4.64 5.55 49.71 14.99 47.75 62.15 8.689 22.08 68.53 
165 17.74 4 4.47 15.03 12.91 61 66.77 13.39 6.49 84.96 
167 16.6 3 6 41.4 14.19 75.3 74.78 8.425 9.61 82.68 
175 20.52 2.1 5.99 53.2 12.4 83.28 86.32 4.398 8.82 81.49 
177 20 2.9 4.4 40.1 11 64.5 77.21 7.015 12.73 77.64 
178 18.75 2.75 6.5 40.64 10.74 77.5 81.24 7.564 10.48 78.08 
179 19.8 2.2 6.1 44.36 11.52 77.1 82.8 5.451 8.82 80.27 
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